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ABSTRACT 
 
Parmar, Nisha, M.S., December 2008     Geosciences 
 
Bank Erosion and Channel Migration of the Clark Fork River at Grant-Kohrs 
Ranch N.H.S., Western Montana 
 
Chairperson or Co-Chairperson:  Johnnie Moore 
 
 
Large-scale mining, concentration and smelting in Butte and Anaconda, 
Montana over the last c.a. 150 years led to contaminated tailings being 
distributed along the entire upper Clark Fork River System. The extent of 
hazardous material distributed along the Clark Fork River is a major concern 
because the floodplain is a large reservoir of contaminated sediment that is being 
eroded into the river, and is a main source of river contamination and metal 
toxicity in aquatic ecosystems 
This study examined the geomorphic changes within the river system that 
have occurred in a 4-km long stretch of the Clark Fork River near Grant-Kohrs 
Ranch National Historic Site. Aerial photographs of the reach from 2001, 2004 
and 2007 were analyzed using ArcGIS 9.2. Areas of erosion and areas of 
deposition were calculated for the main meander bends, and results show that 
these areas are unbalanced throughout the study reach. The average current 
erosion rate for the time interval between 2001 and 2007 was determined to be 
0.170m²/m/yr, while the rate of deposition was determined to be 0.222m²/m/yr. 
An average of about 680m² of the contaminated floodplain are reworked every 
year, and at this rate it will approximately 1000 years to rework the entire 
floodplain within Grant-Kohrs Ranch. 
Eight cross sections of the channel within the study reach were measured 
to determine the change in channel area and elevation to determine if the bed is 
aggrading or degrading. Slope and thalweg measurements, along with a Wolman 
pebble count were conducted along each segment. An Incipient Motion Method 
was used to determine at which discharge motion would begin. From the record 
of flow, and cross section analyses, results indicate that it is the moderate flow 
events which are responsible for the sediment transport regime within the site. 
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I. Introduction 
Fluvial processes play a vital role in the transportation and 
redistribution of metal contaminants, especially downstream from large mining 
sites (Macklin et al., 2006; Miller, 1997). Specifically, mining and smelting 
generate hazardous wastes that can be transported by rivers several hundred 
kilometers away from the source (Axtmann and Luoma, 1991; Moore and 
Luoma, 1990). One of the largest sites of metal contaminants in the United 
States is in the upper Clark Fork River Basin of Montana which extends 184-
river km from Butte downstream to Missoula (Figure 1). It is considered the 
largest “Superfund site” in United States (Moore and Luoma, 1990).   
Butte, Montana is called “the richest hill on Earth” because of the large 
amounts of gold, copper, silver, lead and other metals that have been found 
there (Craig et al., 1998). It is estimated that mining in Butte, Montana, has 
produced 2.3×107 kg of gold, 1×1010 kg of copper, and 0.9×104 kg of silver 
(Craig et al., 1998; Gammons et al., 2006). The long-term effects of over 150 
years of mining and smelting are evident in the Clark Fork River System.. 
In 2002, EPA required the clean-up of the Clark Fork River as part of a 
restoration and remediation program. By 2004, an official plan, with estimated 
costs of $120 million, was devised for “Reach A”, extending from Warm 
Springs Pond to Garrison (Figure 1), and “Reach B”, extending from Garrison 
to Drummond (Figure 1). The proposed remediation will try to reduce erosion 
rates by removing the most contaminated areas with exposed mine tailings, 
so vegetation can grow. In addition, vegetation will be planted along the 
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cutbanks and on the floodplain to reduce channel migration, thereby hopefully 
reducing erosion rates (EPA, 2002). With this new focus on “restoration”, it is 
necessary to know the present rates of migration of the river to measure 
recovery and ensure that remediation is actually effective at reducing erosion 
of the floodplain.  
There has been substantial work done on the Clark Fork River at 
Grant-Kohrs Ranch, but it has emphasized planform changes in the channel 
and did not include any three dimensional analysis of the channel. This 
research provides a more detailed assessment of the channel geometry in the 
Clark Fork River at Grant Kohrs N.H.S.  Several cross sections were 
measured throughout the reach, which were used to determine if the channel 
is aggrading or eroding. Additionally, previous work has not addressed the 
issue of bedload transport. This research not only focused on geomorphic 
changes, but also examined the threshold of sediment mobilization in order to 
determine at what flows sediment in the river was initially transported. It is 
vital to understand the active sediment-transport processes that are occurring 
because they directly affect the erosion of banks, which determine the source 
and transport of metals in the Clark Fork River. Currently, channel banks are 
unstable and erosion rates are fast. The proposed restoration seeks to 
stabilize these banks by adding more vegetation, in turn, slowing down the 
rates of erosion. But it is uncertain whether or not this will actually work. This 
research seeks to better understand how current rates of erosion compare to 
those recorded in the past. This more complete knowledge of what is 
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occurring in the channel and how eroded sediment is being transported and 
deposited is critical to making an effective restoration plan and assessing how 
current restoration is impacting erosion rates.   
 
Figure 1. Location of EPA designated "Superfund Site". The star indicated the 
field site Grant-Kohrs Ranch, which is located in a reach where restoration will 
take place. 
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Background of Mining and River Contamination  
 Mining and smelting activities in Butte and Anaconda, MT have without 
a doubt impacted the Clark Fork River and the surrounding riparian systems. 
Waste rock and tailings deposits from mining are sources of unwanted metals 
which can infiltrate the river system (Salomons, 1995). The affects of mining 
and wastes can result in an increase in sediment supply and changes in 
water quantity (Miller, 1997; Swanson, 2002). This could then lead to various 
changes in the morphology of the channel. To understand how sediment is 
being transported and deposited within in the Clark Fork River, it is important 
to understand the history of this dynamic system. Although the Clark Fork 
River has be studied in recent times, there is little recorded historical data 
about the geomorphology of the river (Smith et al., 1998). Using basic 
knowledge of fluvial principles and sediment transport, in combination with 
knowledge of the surrounding geology, there have been attempts to derive a 
conceptual model of the geomorphic history of the region (Smith et al., 1998). 
 
Early 1800’s 
 Before the Deer Lodge valley was occupied by miners and ranchers, 
the Clark Fork River was an area supported by dense populations of willows 
and water birch on the floodplain. The river was described as by Horstman as 
“clear, deep, rapid and not fordable at high water”(Horstman, 1984; Smith et 
al., 1998; Swanson, 2002). Historical accounts suggest that Native Americans 
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may have used the Deer Lodge valley as a passageway, but did not stay for 
extended periods of time, and European explorers consisted of mostly fur 
trappers (Horstman, 1984; Smith et al., 1998; Swanson, 2002) 
 In addition to the dense population of vegetation, it has been proposed 
there were also large populations of wildlife in the Deer Lodge valley. It is 
possible that beaver played a vital role in the morphology of the river and its 
floodplain and extensively dammed parts of the river when stream flow was 
low (Smith et al., 1998). Continued trapping of beavers eventually led to their 
demise in the early 1800’s.  
 
Late 1800s- Early 1900s 
 Settlement in the Deer Lodge valley began as early as the 1850s, and 
mining in the region began in 1864 with the discovery of gold in Silver Bow 
Creek. Within the next ten years, large-scale mining operations and hydraulic 
mining developed throughout the Clark Fork basin (Miller, 1973; Quivik, 1998; 
Smith et al., 1998). Active mining had such a great impact that it was 
estimated that more than 500 million tons of metal ore were removed from 
sulfide ore deposits (Mocko, 2004). The free milling gold and silver ore in the 
region was reduced in stamp mills. The stamp mills would used steam power 
to process the ore and then mercury was added to form an amalgam (Mocko, 
2004). Once the desired metal is subjected to heat, the mercury is volatized, 
leaving behind the gold or silver (Mocko, 2004). These stamp mills would 
create a great amount of waste and tailings. The vast amount of dirt dumped 
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into the river not only reshaped the river, but also “muddied” up the water, 
giving the water a reddish color (Quivik, 1998). All together it is estimated that 
2.3-2.8 million cubic yards of tailings exist throughout the Silver Bow Creek 
floodplain, and about half of these tailings, 1.2 million yards are located in the 
Upper Deer Lodge Valley (Mocko, 2004). 
 Although, most of the accessible gold had been extracted by the end of 
the 1860s, there was an onset of copper mining in Butte, MT. The new 
emphasis on copper mining coincided with the electrification of the United 
States in the late 1800s (Quivik, 1998; Swanson, 2002). Growth in the copper 
mining industry continued to thrive in Butte during this time with the 
construction of its first smelter and its first concentrator in 1865 and 1881, 
respectively. The introduction of the large-scale processing centers also 
introduced additional waste production that was dumped into the headwaters 
in the 1900s. Wastes from both Silver Bow Creek and Warm Springs Creek 
washed down and eventually reached the Clark Fork River (EPA, 2002; 
Quivik, 1998). Additional waste was contributed by discharges from 
underground mining, aerial deposition from the Anaconda Smelter and the 
pumping of Berkeley Pit (EPA, 2002). It is estimated that 100,000 tons of 
tailings were dumped near Silver Bow Creek in the 1870s, but that number 
had grown by a factor of ten within the next several years (Quivik, 1998; 
Swanson, 2002) 
Extensive mining near Silver Bow Creek resulted in a severely reduced 
quantity of riparian vegetation along the creek and in areas downstream from 
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the active mining operations (Smith et al., 1998). This poses a problem to the 
river system because vegetation is necessary for stabilizing the channel. The 
tailings from mining and smelting were placed near the banks of Silver Bow 
Creek and Warm Springs Creek. The lack of riparian vegetation left the 
floodplain highly susceptible to erosion, with the majority of erodible material 
consisting of contaminated tailings. Flooding events transported the 
contaminated material downstream through the Clark Fork River, where they 
were deposited on the floodplain, or on point bars (Smith et al., 1998). 
 During this time, a series of flood events occurred which deposited the 
tailings on the flood plain. Historical newspaper articles and gage data 
suggest there were several large floods which occurred between 1887 
through 1975 (CH2MHill, 1987; Smith et al., 1998; Swanson, 2002). In 1908, 
the largest flood on record in the Clark Fork drainage basin occurred as a 
result of continual rain on frozen ground (EPA, 2002; Smith et al., 1998; 
Swanson, 2002). It is estimated the magnitude of the flood was ~1360 cms 
(48,000 cfs) and was greater than a 500 year event as indicated by a flood 
frequency curve (WWC, 2005). The 1908 flood redistributed approximately 
5,046,062m³ of mine tailings and wastes from upstream mining operations 
during this event (WWC, 2005). The flood had the capability to alter the river 
channel from the river headwaters to downstream of the site, and it is thought 
that such flood events are the predominant force of affecting the transport and 
deposition of tailings throughout the flood plain (Nimick, 1990; Smith et al., 
1998). 
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 After the 1908 flood event large amount of tailings deposits 
accumulated along Silver Bow Creek and the Clark Fork River. Subsequent 
high flows deposited more tailings on the floodplain. The thickness of tailings 
is variable throughout the floodplain of the Deer Lodge valley. Estimates 
suggest that in places surrounding the Clark Fork River tailings can reach up 
to several feet in thickness (Nimick and Moore, 1991; Smith et al., 1998). The 
tailings deposits proved to be toxic to the vegetation, and produced slickens, 
large areas devoid of vegetation or living plants where tailings are exposed, in 
the Deer Lodge valley. Slickens are found throughout the Clark Fork River 
floodplain. 
 In the 1900s the Opportunity Ponds near Anaconda were built to 
constrain the tailings washing downstream. Then Warm Springs Ponds were 
built in the upper Deer Lodge valley. Together these sedimentation ponds, in 
addition to the reduction of mining and smelting, decreased the addition of 
new contaminated sediment to the Clark Fork River (Smith et al., 1998). Now 
it is believed that most of the contaminant contribution to the Clark Fork River 
is due to the remobilization from previously deposited sediment and tailings  
(EPA, 2002; Moore and Luoma, 1990; Smith et al., 1998). Despite these 
attempts at restricting the addition of new contaminated sediments to the 
river, it is imperative to realize the long-term effects of mining and smelting on 
the floodplain of the Clark Fork River are already prevalent.  In turn, it 
becomes necessary to understand how fluvial systems are operating in the 
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region and what role natural processes are playing in the redistribution of 
contaminated material. 
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Previous Work 
 The Clark Fork River has been the focus of many research studies 
because of its classification as a “Superfund site”.  Some of these studies 
have not only centered on the distribution, geochemistry and stratigraphy of 
contaminated river sediments throughout the floodplain to quantify how much 
contaminated sediment there was. Limited studies in academia have also 
looked at the role fluvial processes could be playing in their redistribution in 
the river system (Brooks, 1988; Moore and Luoma, 1990; Nimick, 1990). 
 Further studies conducted on the Clark Fork River focused on 
examining the effects of the metal-contaminated soils on the surrounding 
riparian vegetation (CH2MHill, 1987; Lejeune et al., 1996; Rice and Ray, 
1985; RWRP, Riparian Wetland Research Program 1996). These studies 
revealed a decrease in the ability for many types of prevalent vegetation to 
thrive as a result of the metal-contaminated floodplain. 
 Smith and others (1998) completed a complete geomorphic 
investigation of the Upper Clark Fork region from 1995-1998.  The study 
focused on understanding the geomorphic history, the deposition of tailings, 
determination of migration rates and transportation of sediments throughout 
the Clark Fork River (Smith et al., 1998).  The study suggested the flood 
events of the late 1800s-early 1900s are the predominant source of transport 
and deposition of floodplain tailings (Smith et al., 1998; Swanson, 2002).   
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R2 Resource Consultants used aerial photography from 1960 through 
1968 to determine rates of bank erosion in the Clark Fork River System (R2, 
Resource Consultants. 1997; Smith et al., 1998). The channel centerlines of 
all photos were traced and subsequent photograph years were compared in 
order to calculate rates of erosion.  This information, in addition to previous 
knowledge about the distribution of tailings deposits and metal 
concentrations, was used to develop a model of contaminated sediment 
movement through the Upper Clark Fork River (Nimick, 1990; R2, Resource 
Consultants. 1997; Schafer, 1997; Smith et al., 1998). 
In 2001, Swanson conducted a geomorphic study of Grant-Kohrs 
National Historic Site, a 4-km reach of the Clark Fork River, located just south 
of Deer Lodge, Montana. His research differed from previous studies by 
calculating erosion rates from aerial photographs for one reach of a river, in 
an attempt to describe floodplain variations in detail rather than make 
generalizations for the entire river valley. Furthermore, his research focused 
on how the floodplain alterations are affected by the mine tailings, vegetation, 
channel morphology and stratigraphy had in those changes (Swanson, 2002).  
In his study he compared this reach of the Clark Fork River to one directly 
north, in Garrison, MT and one directly south, in Racetrack, MT using aerial 
photographs (Swanson, 2002).  
Swanson (2002) classified and mapped the riverbanks as either 
erosional lengths (cutbanks) or depositional lengths (point bars). Bank 
attributes were further classified along the reach as either concave, found on 
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the outside of meander bends, or convex, found in the straighter reaches. At 
each segment various measurements such as percentages of slumping, 
overhanging and wood vegetation were estimated in the field (Swanson, 
2002).  
In addition to field mapping, aerial photographs were analyzed and 
digitized in ArcView Image Analyst extension in Geographic Information 
System (GIS) (Ormsby and Alui, 1999; Swanson, 2002). Swanson (2002) 
used aerial photographs from 1947, 1960, 1979, 1983, 1994, 1997 and 2001 
to analyze changes in the planform channel morphology of the Clark Fork 
River in Western Montana.  The 1997 photograph was acquired in a digital 
(600 dpi) georeferenced format from the Environmental Protection Agency 
(EPA).  Therefore, all the pre-1997 photographs were georeferenced by 
matching control points in the images to that of the 1997 photograph.  This 
was done using the ArcView Image Analyst in GIS (Ormsby and Alui, 1999; 
Swanson, 2002). Larger images of entire aerial photographs were “clipped” 
into smaller photos and georeferenced to the 1997 photo (Swanson, 2002). 
The Root Mean Square (RMS) was calculated and multiplied by the pixel size 
in the image to obtain an analysis of error (Swanson, 2002). Average RMS 
error from the photos was reported to be 0.4 meters (Swanson, 2002). 
From his analysis he concluded eroding banks where primarily 
controlled by the morphology of the river, not by contamination of the 
floodplain.  The outside of meanders in the Grant-Kohrs site had average 
erosion rates of 0.5 m/year and all the banks had an average migration rate of 
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0.19 m²/m/year (Swanson, 2002). Thus, about 740 m² of sediment from the 
contaminated floodplain is eroded each year, and has the potential to 
redistribute the metals-rich tailings back into the river channel (Swanson, 
2002). Based on this calculation, he estimated that it will take approximately 
1000 years to erode the contaminated floodplain naturally (Swanson, 2002). 
He also concluded that the presence of vegetation and thickness of tailings 
did not affect the position or erosion of the bank (Swanson, 2002). 
 Further research on the reach of the Clark Fork River in Grant-Kohrs 
Rnach National Historic Site was done by Castro (2005). With the 
understanding that channel migration is a slow process that occurs as a result 
of lateral movement of the stream by translation, extension, rotation and 
expansion, Castro (2005) calculated the rate of movement of individual bends 
within the river reach (Castro, 2005; Lagasse et al., 2003). Her analysis 
utilized the georeferenced aerial photographs and calculated erosion rates 
from Swanson (2002), and the Data Logger and Channel Migration Predictor 
Extensions in ArcView, estimates of the position of the Clark Fork River 
channel at Grant-Kohrs Ranch N.H.S. were predicted into future years. Each 
new prediction was used as an input value into the Channel Migration 
Predictor to generate a new output value to predict the new channel position 
through the year 2500.  This process was repeated in an attempt to determine 
the time it would take to remove the metal-contaminated floodplain by natural 
processes (Castro, 2005; Lagasse et al., 2003).  Her results also concluded it 
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would take 1000 years to remove the tailings and sediment deposited on the 
floodplain by natural processes (Castro, 2005). 
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Field Area Description 
The Clark River starts at the convergence of Silver Bow Creek and 
Warm Springs Creek in Western Montana (Smith et al., 1998). The river flows 
north through the Deer Lodge Valley and then turns to a northwest direction 
after Garrison, Montana and continues to flow northwest toward Lake Pend 
Oreille in Idaho. Within the Deer Lodge valley, many perennial tributaries flow 
from the eastern Continental Divide and the western Flint Creek Range to 
converge with the Clark Fork River (Figure 1) (Smith et al., 1998). The entire 
Deer Lodge valley floodplain extends about 70 kilometers in length and 90-
150 meters in width and consists of tailings and sediments impacted by 
metals (EPA, 2002). There is a United States Geological Survey (USGS) 
stream gage upstream from the study site the in Deer Lodge, MT (Clark Fork 
River at Deer Lodge, MT Gage Station Number 12324200) (Figure 1). This 
real-time monitoring site has a continuous record of discharge data from 
water year 1978 to the present. Stage height is also monitored, but only from 
2004 to the present. 
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 The specific area of study is a 4-km reach of the Clark Fork River 
within Grant-Kohrs Ranch National Historic Site near Deer Lodge, western 
Montana (Figure 2). Within the Deer Lodge Valley, the Clark Fork River has a 
relatively low gradient of 0.0020 and a sinuosity of 1.62 (Castro, 2005; 
RWRP, Riparian Wetland Research Program 1996; Swanson, 2002). The 
Clark Fork River is classified as a cobble-bed, single thread, meandering river 
system (Smith et al., 1998). The river channel has a typical pool and riffle 
sequence and consists of mostly gravels with some sandy point bars (RWRP, 
Riparian Wetland Research Program 1996). The floodplain within the study 
site constitutes a large portion of the ranch land.  After 120 years of 
reworking, mixing and redistributing tailings and sediments, the present 
floodplain throughout the ranch  land is characterized by heavy metals, 
arsenic, and sulfides (EPA, 2002). 
Most of the rock types exposed in the Deer Lodge Valley are Mesozoic 
or Cenozoic in age (Berg, 2004). Grant-Kohrs Ranch N.H.S. is located near 
the central part of the Deer Lodge Valley, and consists of a Quaternary 
alluvium and a small portion of Tertiary fill (Berg, 2004; Swanson, 2002). The 
Quaternary alluvium is comprised of gravels, sands and silts along the active 
edge of the channel, while the Tertiary fill is mostly sandy and silty mudstone 
(Berg, 2004). The basin fin is composed of volcanic clays and some gravels 
(Raines and Johnson, 1996; Swanson, 2002). The floodplain contains mine 
tailings and soils with elevated concentrations of As, Cd, Cu, Mn, Pb, and Zn, 
but the thicknesses and amounts are highly variable (Moore and Woessner, 
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2001; Nimick, 1990). However, contamination is not constrained to just the 
floodplain, but also to the underlying sediments and groundwater (Moore and 
Woessner, 2001; Swanson, 2002). 
The bed of the Clark Fork River is highly variable in grain size ranging 
from fine-grained silt, to coarse-grained pebbles and gravels. The armour 
layer of the bed consists of mostly cobbles and pebbles and is not highly 
mobile. But, there is a thin layer that lies within the interstices of the armour 
layer which moves around the larger cobble and pebble grains (Smith et al., 
1998). This mobile layer is a combination of eroded silt and sand which 
moves even during times of low flow. In fact, researchers propose this active 
layer is transported as bedload during low stream flow, and goes into 
suspension at bankfull flows (Smith et al., 1998). The general sediment 
transport regime in the Clark Fork River through Deer Lodge that has been 
conceptualized is a gravel bed that is transported by the thalweg as bedload, 
and a sand silt layer moved as suspended load (Smith et al., 1998). 
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II. Methods 
GIS Methods 
Swanson (2002) used aerial photography to calculate erosion rates in 
the Clark Fork River at Grant-Kohrs Ranch N.H.S.  The 2001 photographs 
used by Swanson (2002) were flown June 19, 2001 by Map, Inc. at a scale of 
1:6000 specifically for his thesis work. This image was converted to a digital 
format (1200 dpi) and later georeferenced to a 1997 image obtained from 
EPA (Swanson, 2002). Using the georeferenced 2001 image from Swanson 
(2002), and new aerial photographs from 2004 were obtained and from the 
Montana National Resource Information System (NRIS) 
(http://nris.mt.gov/gis/). The 2007 aerial photographs were flown by Map, Inc. 
for this study on July 16, 2007 at a scale of 1:6000. Map, Inc. used a high 
resolution scanner (1814 dpi) to convert the 2007 photos into a digital format.  
This study assesses channel change for the time period between the years 
2001-2007.  
Once all aerial photographs were in a digital format, they were then 
loaded into ArcGIS 9 ArcMap Desktop Version 9.2 as a large single image 
centered on the  Clark Fork River channel at Grant-Kohrs Ranch N.H.S 
(Ormsby et al., 2001). However, as previously determined by Swanson 
(2002), this contributed to severe error from viewing distortion. To minimize 
this error, the larger 2004 and 2007 images, were clipped using the Clip 
Raster function under the Data Management Toolbar in Arc Catalog (Ormsby 
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et al., 2001). Each of the large photographs were clipped into 15 smaller, but 
relatively equal-sized, images that were centered on the main channel 
(Swanson, 2002). Then, these resultant clipped images were georeferenced 
in ArcMap, using the Georeferencing Toolbar, to the 2001 image. Between 
twenty to thirty centers of trees were chosen per clipped image for each 
year’s photographs to minimize error while georeferencing the photos. 
ArcMap calculates a Root Mean Square (RMS) error for each georeferenced 
image. The RMS error is a residual error and it is an absolute positional error. 
This means that any point in space can be off by the RMS error in any 
direction (Ormsby et al., 2001; Swanson, 2002). The RMS error ranged from 
0.02 to 0.53 meters, with an average RMS value of 0.2 meters. All rectified 
images were then projected in ArcCatalog using the predefined projected 
coordinate system North American Datum 1983, UTM Zone 12N. 
After all the aerial photographs were georeferenced to the 2001 image, 
the active channel in the 2001, 2004, and 2007 images had to be digitized in 
order to calculate bank length and quantify any channel changes (Figure 8). 
Digitization of the aerial photographs was accomplished by using the ArcMap 
Editor Toolbar.  Each of the photographs were viewed at a 1:400 scale and 
the outline of the main channel was physically traced for the entire 4-km 
reach of river (Swanson, 2002). To be consistent for all photographs, the 
main channel was defined as the edge of the water. The 2001 and 2007 
photographs were obtained in a high resolution format, but the 2004 image 
was not. Therefore it was a challenge to digitize the banks because of slight 
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viewing distortions. However, because the 2004 photo was from NRIS, the 
image was obtained with a fixed resolution.   
A total of approximately 9500 meters of the Clark Fork River within 
Grant-Kohrs Ranch N.H.S were digitized for each photograph year using 
ArcGIS ArcMap Version 9.2. The detailed results for each year are presented 
in Table 2. Examples of each years’ aerial photograph with the corresponding 
digitized channel bank lines overlain on the photo are shown in Figures 4 and 
5. Comparisons of georeferenced aerial photographs for the study reach 
between 2001and 2007 reveals that the overall planform shape of the river 
channel does not significantly change. Though meander bends do appear to 
migrate laterally, the location of each meander bend is the same between the 
photograph years. 
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Photograph 
Year 
East Side of 
Channel 
West Side of 
Channel 
Total Bank 
Lengths 
Digitized 
2001 4513 4817 9330 
2004 4694 4989 9683 
2007 4540 5042 9582 
 
 
 
Table 1. Total amount of bank lengths in meters that were digitized using ArcGIS 
ArcMap Version 9.2. 
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Figure 4. Example of digitized channel banks for the photograph years 2001 (left) and 
2004 (right) for the meander bend Stuart Field. 
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Figure 5. Example of digitized channel banks for the photograph years 2001(left) and 
2007 (right) for the meander bend Stuart Field. 
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Differences in the stage of the river can lead to difficulty in determining 
the bank edges. In order to minimize digitizing errors related to river stage, 
the new 2007 photos were flown specifically when the streamflow was similar 
to that on June 19, 2001, when the 2001 aerial photos were taken. The daily 
mean discharges were obtained from the  United States Geological Survey 
(USGS) Stream Gage Station, Deer Lodge, MT (12324200) 
(http://waterdata.usgs.gov/mt/nwis/) for June 19, 2001 and July 16, 2007. 
These values were reported as 4.56cms (161cfs) and 1.81cms (64cfs), 
respectively. The metadata for the 2004 aerial photos obtained from NRIS 
reported the photos were taken on May 20, 2004. At this time the recorded 
discharge was 3.23cms (114cfs).  
The gage height on record was also obtained from USGS and on June 
19, 2001 the gage height was 0.832m (2.73ft), on May 20, 2004 the gage 
height was 0.777m (2.55ft), and on July 19, 2007 it was 0.710m (2.33ft). The 
difference in gage height between 2001 and 2004 is equal to 0.055m (0.18ft), 
and the difference between 2001 and 2007 is equal to 0.122m (0.40ft). The 
discharge and stage of the river will not have significant effects on the 
erosional cutbanks because of the steepness of the bank. However, small 
differences in river stage may have some minor effects on the point bars, as it 
may not be entirely apparent if the channel has really deposited material or if 
it is merely a difference in river stage. Since the flows of the river and the river 
stage were not extremely variable, the overall effect on the determination of 
the banks and digitization were also likely minimal. Specifically, using 2007 
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cross section data, between 2001 and 2007, for a 0.122m (0.40ft) of stage 
change, the horizontal change would equal 0.29m. This value is less than the 
RMS error calculated from georeferencing, and will likely be minimal in the 
analysis. 
 
 
 
 
 
 
Year Date Flown Discharge 
(cms) 
Gage Height 
(m) 
Height 
Difference 
(m) 
2001 6/19/2001 4.56 0.832 - 
2004 5/20/2004 3.23 0.777 0.055 
2007 7/16/2007 1.81 0.710 0.122 
 
 
 
Table 2. Summary table of aerial photograph information. Flight information for the 2001 
photographs was obtained from Swanson (2002). Flight information for the 2004 photographs 
was obtained from the MT NRIS metadata (http://nris.mt.gov/gis/). All discharge and gage 
height data were obtained from USGS Stream Gage Station, Deer Lodge, MT (12324200) 
(http://waterdata.usgs.gov/mt/nwis/). 
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Once all the banks were traced, the digitized maps from the 2001 and 
2004 photographs, and the 2004 and 2007 photographs, were overlain to 
reveal the relative bank positions for the respective years. With this 
information, the areas of erosion, and deposition, between sequential years 
were defined and digitized as separate polygon shapefiles. The ArcMap Field 
Calculator was used to calculate the area of each individual polygon. For 
each of the meander bends, the areas of all the polygons were summed to 
determine the total amount of erosion and deposition. For the time interval of 
2001-2007, the combined areas of erosion and deposition from the previous 
intervals, 2001-2004, and 2004-2007, was combined to get the erosion for the 
six year time interval.  
Polygon digitization was repeated twice for polygon erosion areas on 
both the 2001-2004 and 2004- 2007 photos in order to get an estimate of the 
range of error attributed to digitizing polygons. An error analysis was 
performed on the digitization of the polygon areas in order to give an idea of 
the accuracy of the GIS-based methodologies. In reality, these calculated 
errors may be underestimated due to the idea of the propagation of error. All 
calculated values will have a corresponding error, which when combined with 
additional results, will lead to the accumulation (or addition) of error. A 
reasonable way to try to calculate the resulting error from two independent 
variables is to treat the independent parts as if they were "perpendicular" and 
use the Pythagorean Theorem (Bork et al., 1993; Taylor, 1982; UR, University 
of Rochester 2008) Using the idea of the propagation of errors, the following 
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error analysis was used to estimate the error for the interval of time from 
2001-2007: 
∆  ∆ 	 ∆
         (Taylor 1982) 
 
Where: 
A is the error from time interval 2001-2004 
B is the error from time interval 2004-2007 
Z is the sum of the errors and represents the estimate of error for 2001-2007 
 
These error reports are further detailed and presented in first potion of 
the results and discussion section of this thesis. The resulting calculated 
errors for all methods are also presented in the results and discussion 
section.  
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Field Work 
 During the summer and fall of 2007, field work was conducted along 
the same 4-km stretch of the Clark Fork River within Grant-Kohrs Ranch 
National Historic Site in Western Montana that was previously mapped by 
Swanson in 2001. Cross sections of the Clark Fork River at Grant-Kohrs 
Ranch N.H.S. were measured at eight meander bends along the 4-km stretch 
of study (Figure 6). A Leica Geosystems TPS300 Series Electronic Laser 
Total Station was used to measure all cross sections in the field. Originally, 
each cross section location was pre-determined in hopes of comparing data 
collected from Swanson in 2001 to new data from 2007 at the same location. 
However, only two previous cross section measurements were found, Stuart 
Field and Northbend, and the remaining six localities represent a new 
dataset.  
Seven cross sections were measured using the Leica Geosystems 
Total Station. One cross section, Northbend, was measured in the field using 
a level and tape measure. For each cross section that was measured with the 
total station, the first measurement was recorded twice in order to get an 
approximate instrument error. The average error recorded in the field was +/- 
0.01m in the horizontal direction and +/- 0.008m in the vertical direction. The 
start and end points of each cross section were recorded in the field using a 
handheld Garmin eTrex Vista Cx GPS for the purpose of relocating the cross 
section end points in the field. The handheld GPS has an accuracy rate of 
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95% and has an error of +/- 3-5 meters (10-16 feet) on the ground (Garmin, 
2006). 
At each cross section transect, slope and thalweg measurements were 
also recorded along the channel with the Leica Geosystems Total Station. 
The base station was not moved from the intial location that it was used to 
measure the respective cross section. The thalweg and water level slope 
were measured for approximately 50-60 meters above and below each cross 
section.  
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Figure 6. Diagram of meander bends at Grant-Kohrs Ranch N.H.S. 
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Cross Section Analysis 
In order to determine stream bed size, grain roughness in a channel, 
and calculate entrainment and bedload transport rates a grain size analysis or 
pebble count was performed along the cross section transect (Kondolf, 1997; 
Wolman, 1954). At least 100 clasts were measured because it is estimated 
that random errors decrease with increased sample size (Hey and Thorne, 
1983; Kondolf, 1997). This process was repeated at each of the eight cross 
sections with the help of a field assistant. No subsurface samples were taken 
in the field. 
Cross section data were analyzed using WinXSPro in order to 
determine the area, hydraulic radius, depth and width of each of the channel 
transects. Longitudinal profiles were plotted in Microsoft Office Excel 2007. 
Cross section data and grain size analyzes from the field, in addition to USGS 
flow data were used to calculate sediment transport potential in the river at 
different flows.  
A flood frequency analysis was performed using USGS Clark Fork 
River at Deer Lodge, MT #12324200 gage data in order analyze the flow 
regime. In addition, sediment transport calculations were performed using a 
Modified Incipient Motion Method based on the Shields number (  τ* ) 
(Clipperton et al., 2003; Shields, 1936). The method first introduced by 
Shields (1936), uses a calculated range of values, known as the Shields 
number (  τ* ) or dimensionless shear stress, for a given range of flows, to 
 
determine when transport of sediment will 
Shields, 1936). The Inci
boundary shear stress 
sections using the following equation:
    
Where: 
ρ is the fluid density 
g is the force due to gravity 
R is the hydraulic radius 
S is the slope  
 
Also, the Shields number (
the following equation: 
    
Where: 
ρ is the fluid density  
ρs is the density of sediment
g is the force due to gravity 
D is the median grain size 
τ is the boundary shear stress
 
The fluid density (ρ) is 1000kg/m³ for water at 10ºC, and the sediment density 
for average grains (ρs) is 2650kg/m³. The force due to gravity (g) is a constant 
equal to 9.8m²/s. The calculated values of Shields number (
range of flows, at each cross section, 
the threshold of sediment 
Deer Lodge, MT. 
 
begin (Clipperton et al., 2003; 
pient Motion Method involved calculating the 
( τ ) of the river at each of the measured cross 
 
 = ρgRS 
  τ* ) was calculated for each cross section 
   
 *=


 (Shields, 1936) 
   
 
  τ* ) for a give 
served as the foundation for
mobilization analysis of the Clark Fork River at 
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III. Results and Discussion 
Error Analysis 
Before calculated values of erosional and depositional polygon areas 
could be fully interpreted, an error an analysis needed to be performed in 
order to validate the results calculated in ArcMap. Positional error is 
introduced in the georeferencing process. The Root Mean Square (RMS) 
error ranged from 0.02 to 0.53m with an average of 0.2m. The RMS error is a 
linear error and any point in space can be off by the RMS in any direction. 
Another thing to consider was that there are positional inaccuracies 
associated from manually digitizing which can be grouped into two main 
categories: source map error and operational error (Bolstad and Smith, 1992; 
Heywood et al., 2006). Source errors can include “fuzzy boundaries”, where 
changes between features are gradual and difficult to see, and can contribute 
to fuzzy boundaries (Heywood et al., 2006). Operational errors consist largely 
of human error during the digitizing process (Bolstad and Smith, 1992; 
Heywood et al., 2006). One previous study reports that manual digitization 
can have an accuracy of about 0.0025in (0.00635cm) for well-defined points 
(Bolstad et al., 1990; Bolstad and Smith, 1992). Using a 1:24,000 scale map, 
this would translate to 1.46m (4.8ft) on the ground (Bolstad and Smith, 1992). 
Another study of positional uncertainties in digitizing errors used a 1:24,000 
scale United States Geological Survey (USGS) map to show that estimates 
for error can range from+/- 0.05mm to  +/- 0.8 mm (Bolstad and Smith, 1992; 
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Dunn et al., 1990; Heywood et al., 2006). Using a 1:24,000 scale, this error 
corresponds to 1.2m to 20m on the ground.  
Digitized arcs and polygons, like the ones used to quantify erosion and 
deposition areas, introduce additional errors from smoothed curves and linear 
widths (Bolstad and Smith, 1992). Throughout the study reach, erosion and 
deposition areas are highly variable in shape and size. Generally, the areas 
are thicker in the center and narrow along the ends (Swanson, 2002). 
Therefore, to get an accurate measurement of the erosion error, this 
polygonal digitization process was repeated twice for the areas of erosion of 
all major bends between photograph years 2001 and 2004 and between 
photograph years 2004 and 2007.  
Table 3 summarizes the results of the total calculated erosional areas 
at each bend for two separate digitization trials (A₁ and A₂). The calculated 
percent error due to erosion ranged from 1-4% with an average error of ~1% 
for all meander bends. Swanson (2002) reports a range of polygon error 
between 1-5% (Swanson, 2002). Another study showed the polygon area 
error varied from 5-15% assuming reasonable spatial errors (Bolstad and 
Smith, 1992; Prisley and Smith, 1987). Furthermore, a third study showed 
that polygon area error ranged from 1.6-16% and the error was inversely 
related to polygon size (Bolstad and Smith, 1992; Dunn et al., 1990). Even 
considering the most conservative error, 4%, this estimate appears to fall 
within the range of accepted values if errors cited by previous literature for the 
digitization of polygonal areas. 
38 
 
A percent error versus areas of erosion (m²) was plotted in order to 
demonstrate how the error is related to the size of the polygon (Figure 7). In 
general, as the size of the polygon area increases, the percent error 
decreases. This is true because, at the same scale, larger areas are easier to 
digitize accurately than smaller areas. From Figure 7, it is apparent that for 
the collected data, the maximum error corresponds to 150m²-200m², but there 
are values that are below this too. The average percent error is 1%, but can 
been as high as 4%. To encompass all error calculated for this study, a 
conservative error of 4% was used to calculate the polygonal area errors for 
the time intervals 2001-2004 and 2004-2007, and this allows for 
distinguishing changes of less than 4% in area due to channel migration.  The 
respective errors for the time interval from 2001-2007 were calculated 
independently using the propagation of errors and equaled 2% for the area of 
erosion and 3% for the area of deposition. 
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2001-2004 Photograph Years         
Bend Name 
Measured Area (A1)       
in m² 
Measured Area (A2)     
in m² 
Δ Area             
in m² 
% Error 
Ponds 460 468 8 2% 
Tab 350 347 3 1% 
Double East 400 402 2 1% 
Double West 239 241 2 1% 
Northbend 312 310 2 1% 
Bridge North 139 133 6 4% 
Bridge South 206 211 5 2% 
Stuart Field 307 305 2 1% 
     
     2004-2007 Photograph Years    
Bend Name 
Measured Area (A1)         
in m² 
Measured Area (A2)     
in m² 
Δ Area                           
in m² 
% Error 
Ponds 384 380 4 1% 
Tab 256 259 3 1% 
Double East 164 165 1 1% 
Double West 190 192 2 1% 
Northbend 202 203 1 0% 
Bridge North 126 127 1 1% 
Bridge South 190 197 7 4% 
Stuart Field 155 154 1 1% 
 
 
 
Table 3. Summary table showing measured polygon areas and the calculated error due to 
digitization. The range of error is 1-4%, with an average value of 1%. 
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Figure 7. Plot of percent error vs. erosion area displaying the inverse relationship between the error and the size of the polygon.
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Bank Erosion  
Total Erosion and Deposition 
In a meandering river, material is eroded from the cutbanks during 
times of high flow and transported downstream (Smith et al., 1998). As a 
meandering river continues to migrate laterally, a portion of the eroded 
material is transported across the river and deposited on the point bar (Smith 
et al., 1998). Geomorphology suggests that as this process is occurring, river 
channels will tend toward an equilibrium, whereby the rate of erosion will be 
roughly balanced by the rate of deposition, however, this may be an 
oversimplification (Lauer and Parker, 2008; Macklin, 1948). To examine 
channel migration patterns in the Clark Fork River through Deer Lodge, areas 
of erosion and deposition were calculated. 
During the six years of aerial photograph analysis, channel migration 
was actively occurring resulting in large quantities of erosion, and even larger 
quantities of point bar deposition. This is represented in the quantified areas 
of erosion and deposition of the entire 4000m reach of the river, as well as in 
individual meanders. It is important to note that the areas of erosion and 
deposition represent a two dimensional analysis of a three dimensional cross 
section. These values of erosion and deposition represent changes in areas. 
From 2001-2004, an area of erosion of 2413 ± 97m² was calculated for 
the entire reach of river, while an area of deposition of 1817 ± 74m² was 
calculated for the same time period. This indicates that from 2001-2004 the 
areas of erosion and deposition are not balanced, and that more erosion 
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occurred during this time (Table 4). In comparison, from 2004-2007, erosion 
area was measured to be 1667 ±  67m², while the deposition area was 
measured to be 3563 ± 142m². From 2004-2007, the areas of deposition 
surpass the area of erosion. Looking at the combined total amount of erosion 
for all meander bends, between 2001 and 2007, an area of erosion of 4080 ± 
117m²  was calculated (Table 4). This value is equal to the combined amount 
of erosion to occur within the study site from 2001-2004 and 2004-2007. The 
combined area of deposition that occurred amongst all meander bends from 
2001-2007 is approximately 5380 ± 163m², during the same time interval 
(Table 4).  
The largest areas of erosion (4080 ± 117m²) and deposition (5380 ± 
163m²) coincided with the largest interval of time for this study, 2001-2007.  It 
is important to note, that including the estimate of error, the area of erosion 
and deposition for the entire reach of river from 2001-2007, are not balanced, 
just as they are not balanced during the individual intervals of time. During the 
six year interval of time from 2001-2007 the rate of erosion was equal to 680 
± 14m²/yr and the rate of deposition was equal to 897 ± 27m²/yr. For 
comparison, between 1994-2001, a period of seven years, Swanson (2002) 
obtained a value of 996 ± 200m²/yr for the erosion rate of all meander bends 
(Swanson, 2002). It is apparent that during the period 2001-2007, the rate of 
erosion about the same as the interval of time from 1994-2001. 
From Table 4, calculated values of the rate of erosion normalized over 
the entire 4000m (4km) stretch of the Clark Fork River at Grant-Kohrs Ranch 
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N.H.S. ranged from 0.139 ± 0.006 m²/m/yr for 2004-2007, to 0.201± 
0.008m²/m/yr for 2001-2004.  The normalized rate of erosion for the complete 
interval of time (2001-2007) was calculated to be 0.170 ± 0.003m²/m/yr. The 
average rate of bank erosion for all three intervals of time is estimated to be 
0.170m²/m/yr. This rate is comparable to that calculated by Swanson (2002) 
and also by R2 Consultants, Inc (1997). For the time interval from 1947 to 
2001, Swanson (2002) obtained an erosion rate of 0.19 m²/m/yr, and from 
1983-2001, the erosion rate was 0.18 m²/m/yr (Swanson, 2002). R2 Resource 
Consultants (1997), calculated erosion rates for the Clark Fork River in 
Montana ranging from 0-1.8 m²/m/yr, with an average of 0.18m²/m/yr (R2, 
Resource Consultants, 1997; Swanson, 2002).   
The rate of deposition normalized for the 4000m stretch of river within 
the study site ranges from 0.151 ± 0.06m²/m/yr for 2001-2004 to 0.292 ± 
0.012m²/m/yr for 2004-2007. For the complete interval of time (2001-2007) 
the normalized rate of erosion is 0.224 ± 0.007m²/m/yr with an average for the 
three individual periods equal to 0.22m²/m/yr. This value is slightly higher than 
the average rate of erosion 90.196m²/m/yr) for the same period of time. 
To summarize, the main trends that are shown in Table 4 for the entire 
4000m reach of the Clark Fork River at Grant-Kohrs N.H.S. are the following: 
(1) Greater areas of erosion than areas of deposition exist from 2001-2004, 
and this concludes that areas of erosion and areas of deposition are not 
balanced for this time interval. This is supported by a higher rate of erosion 
than deposition for 2001-2004. (2) Larger areas of deposition than areas of 
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erosion are seen from 2004-2007, and this is further explained by a slower 
rate of erosion, and a faster rate of deposition for the time period. (3) For the 
longest interval of study, 2001-2007, the largest areas of erosion and 
deposition are calculated for the entire reach. (4) For the entire six year 
interval of study, the areas of erosion and areas of deposition for the entire 4-
km reach of river appear to be unbalanced even when error is considered. 
Many of these same ideas are seen within individual meanders of the river.
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Total 
Interval 
Erosion Area 
(m²) 
Avg Error                 
(%) 
Error                 
(m²) 
Erosion/yr 
(m²/yr) 
Error                    
(m²/yr) 
Rate/Length 
of river 
(m²/m/yr) 
Error            
(m²/m/yr) 
2001-2004 2413 4 97 804 32 0.201 0.008 
2004-2007 1667 4 67 556 22 0.139 0.006 
2001-2007 4080 2 117 680 14 0.170 0.003 
        
        
Time 
Interval 
Deposition 
Area (m²) 
Avg Error                 
(%) 
Error                 
(m²) 
Deposition/yr 
(m²/yr) 
Error                    
(m²/yr) 
Rate/Length 
of river 
(m²/m/yr) 
Error            
(m²/m/yr) 
2001-2004 1817 4 73 606 24 0.151 0.006 
2004-2007 3563 4 143 1187 47 0.297 0.012 
2001-2007 5380 3 163 897 27 0.224 0.007 
 
 
Table 4. Areas of erosion from all banks are shown in the top half of the table. For the time interval 2001-2007, the erosion areas from 2001-2004 
and 2004-2007, were summed to get the total. The areas of deposition are shown in the bottom half of the table. For the time interval 2001-2007, 
the deposition areas from 2001-2004 and 2004-2007, were summed to get the total. “The Rate/length of river” is the rate of erosion (or deposition) 
normalized for the 4000m reach of river (Swanson, 2002). The most conservative error (4%) was used from the error analysis to calculate the 
errors from the areas of erosion and deposition for 2001-2004 and 2004-2007. The error for 2001-2007 was calculated using the propogation of 
errors and are shown above.
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Bank Erosion at Specific Meanders 
The calculated erosional areas for the eight main meander bends 
within the study site between subsequent photograph years are summarized 
in the top half of Table 5. Similarly, the bottom half of Table 5 summarizes the 
areas of deposition that occurred at the same bend locations for the same 
time intervals. The meander bend names in the table are listed from the bend 
located furthest north of the bridge (Ponds) to the bend located furthest south 
of the bridge (Stuart Field) (Figure 3).  
In Table 5, for the 2001-2007 interval of time, the areas of erosion and 
deposition at each meander were summed from the two previous periods of 
time, 2001-2004 and 2004-2007, to get a combined estimate of the erosion 
and deposition over the entire six years of study. 
Values for the total areas of erosion and deposition are shown with 
their corresponding calculated errors. The error was calculated for the erosion 
areas by repeated digitization of the polygons on the 2001-2004 and 2004-
2007 photos, and the most conservative value was reported to be 4%. 
However, digitization of the deposition areas was only conducted one time. 
Thus, the largest value of polygon digitization error, which was calculated to 
be 4%, was extrapolated for the error values reported in Table 5 for the 
intervals of time from 2001-2004 and 2004-2007. For the complete interval of 
study, 2001-2007, area errors for both erosion and deposition at individual 
meanders was calculated using the Pythagorean Theorem in order to account 
for the propagation of error. 
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Data from the individual meanders within the study site generally follow 
the overall patterns seen throughout the entire reach of river. Specially, 
individual meanders reinforce the idea that areas of erosion and areas of 
deposition are not always balanced within individual meanders, just as they 
are not always balanced throughout the entire study reach. It is apparent from 
Table 5 that there is a large amount of variability amongst the meanders and 
between the time intervals of study. Figure 8 shows the erosion rates at 
specific meanders used for this study, and studies previously conducted by 
Swanson (2002) for comparison. This graph better illustrates the amount of 
year to year variability as well as the variability in erosion rates at individual 
meanders. 
In addition, four main trends can be shown from Table 5. First, the data 
shows that from the time interval between 2001 and 2004, areas of erosion at 
individual meanders are generally higher than areas of deposition for the 
same time interval. This supports the data presented in Table 4, which 
showed that the area of erosion from 2001-2004 exceeded the area of 
deposition for the entire study reach. It would be expected that if each 
individual meander has higher areas of erosion than area of deposition, then 
the total for the entire 4000m reach would also show this, and that is what is 
seen. Second, Table 5 shows that from 2004-2007, the areas of deposition 
for individual meanders are greater than the areas of erosion. This is the 
same pattern seen in Table 4 which showed that from 2004-2007, the area of 
deposition was greater than the area of erosion for the entire study reach. 
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Third, the longest time gap between aerial photographs for this study 
occurred from 2001-2007, a total of six years. Because of this, it is expected 
that the largest area of erosion, and similiarly, the largest area of deposition 
would be seen within the study site. This idea is supported by the data in 
Table 5 for all the meander bends within Grant-Kohrs Ranch N.H.S. And 
finally, the last column in Table 5 represents combined totals of the individual 
time periods for areas of erosion and areas of deposition. From this last 
column it is apparent that these values are not balanced, even considering 
the overlap from error. Therefore, areas of erosion and areas of deposition 
are not balanced throughout the individual meanders. 
 There are specific meanders where these trends are clearly visible. 
"Ponds" is one meander where at no given period of time, are areas of 
erosion balanced with areas of deposition. From Table 5 it is evident that the 
meander bend Ponds  experienced a total of 460 ± 18m² of erosion, the 
largest area of erosion for any specific bend from 2001- 2004. The area of 
deposition at Ponds was 324 ± 13m²  for this same time interval. These areas 
are not balanced, and suggest that the area of erosion was greater than the 
area of deposition during this time interval. Ponds also had the largest area of 
erosion between 2004 at 2007. From Table 5, it is approximated that an area 
of erosion equal to 384 ± 15m² was measured, but nearly double that value, 
643 ± 26m² was measured as the area of deposition. So the areas of erosion 
and deposition were unbalanced from 2004-2007, the area of deposition was 
larger. From 2001-2007, the area of erosion at Ponds was 884 ± 23m², and 
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the area of deposition was 967 ± 29m², which shows that these areas are not 
balanced. The combined areas of erosion and deposition for all time intervals 
are 1728 ± 56m² and 1932 ± 68m², respectively. Figure 9 shows the 
unbalanced areas of erosion and deposition at Ponds for 2001-2007. 
Another specific meander which follows these patterns is “Tab”. In the 
interval from 2001-2004, Tab had a larger area of erosion than area of 
deposition, 350 ± 14m² and 204 ± 8m². Then from 2004-2007, Tab 
experienced a larger area of deposition than area of erosion, 525 ± 21m² and 
256 ± 10m².  Figure 10 shows that from 2001-2007, Tab shows larger areas 
of erosion and deposition, in general, but the areas are not balanced. The 
area of deposition is 729 ± 22m², and the area of erosion is 606 ± 17m².  
Bridge South is one meander that appears to be an exception to the 
general trends seen within the reach. From 2001-2004, the area of erosion is 
greater than the area of deposition at the meander, 206 ± 8m² and 121 ± 5m², 
respectively. But from 2004-2007, the area of deposition does not increase, 
and is actually less than the area of erosion for the time interval, 92 ± 4m² and 
126 ± 5m², respectively. From 2001-2007, the area of deposition is 332 ± 
9m², and exceeds the area of erosion 213 ± 6m² (Figure 11). 
“Northbend” is the only meander that appears to have balanced areas 
of erosion and deposition for a given period of time. Figure 12 displays an 
example of erosion between the photograph years 2001 and 2004 at one 
meander bend of the Clark Fork River called “Northbend”. The figure clearly 
shows the retreating 2004 banks, represented by a blue line, and an 
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advancing point bar on the inside bend. The total distance of change was 
approximately 3.46m at the widest point. This length of erosion is balanced by 
a distance of 3.31m of deposition on the point bar (Figure 12). Between the 
years 2001 and 2004, at Northbend, approximately 312 ± 13m² was eroded 
from the outside of the bend, and consequently, 295±12 m² was deposited on 
the inside of the bend (Figure 13). Considering the range of error, the 
deposition balances with the erosion area. For the years 2004-2007, 
approximately 202 ± 8m² of area was eroded from the meander at Northbend 
and 286 ± 11m² in area was deposited on the inside. These areas do not 
seem to be balanced. For the entire time interval of study, 2001-2007 erosion 
area of 514 ±15m², and a total area of deposition of 581 ± 16m² were 
calculated for Northbend  (Figure 14). For this interval of time, the area of 
erosion does not appear to balance with the area of deposition. 
The largest area of sediment deposition at a single meander bend 
totaled 1076 ± 3m² and occurred at Stuart Field from 2001-2007 (Figures 15 
and 16). This value, and the value calculated for the area of deposition at 
Double West, 975 ± 32m² are exceedingly higher than most of the other 
deposition totals. This could mean that as the Clark Fork River channel is 
migrating, more sediment from upstream was transported and deposited 
along the point bar during the time interval of 2001-2007 than was eroded at 
the same meander bend. But upon further examination of the aerial 
photographs, at Double West and Stuart Field, areas of point bar deposition 
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may be adversely affected by the river stage. As mentioned previously, aerial 
photography has limitations, and one of those limitations is that the image is 
only depicting the planview. Therefore, a measured three dimensional cross 
section is needed to determine if the data interpreted from the photograph is 
physically supported by data collected in the field. 
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Bend Name 2001-2004 
Error 
(±) 
2004-2007 
Error 
(±) 
2001-2007 
Error 
(±) 
Ponds 460 18 384 15 884 23 
Tab 350 14 256 10 606 17 
Double East 400 16 164 7 564 17 
Double West 239 10 190 8 429 13 
Northbend 312 13 202 8 514 15 
Bridge South 206 8 126 5 332 9 
Bridge North 139 6 190 8 329 10 
Stuart Field 307 12 155 6 462 13 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5. The top half of the table represents calculated values for areas of erosion (m²) for specific meander bends for each period of study. The 
bottom half of the table represents calculated values for areas of deposition (m²) for specific meander bends for each period of study. All values 
listed in the table are in m². Northbend and Stuart Field are two meander bends that are used for comparison. 
Bend Name 2001-2004 
Error 
(±) 
2004-2007 
Error 
(±) 
2001-2007 
Error 
(±) 
Ponds 324 13 643 26 967 29 
Tab 204 8 525 21 729 22 
Double East 179 7 190 8 369 11 
Double West 203 8 772 31 975 32 
Northbend 295 12 286 11 581 16 
Bridge South 121 5 92 4 213 6 
Bridge North 178 7 292 12 470 14 
Stuart Field 313 13 763 30 1076 33 
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Figure 8. Erosion Rates (m²/yr) vs. Time Interval for individual meanders at Grant-Kohrs Ranch N.H.S. Data from 1983-2001 obtained from 
Swanson (2002). 
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Figure 9. Aerial photograph of Ponds showing the areas of erosion (pink) and deposition 
(green) to occur from 2001-2007.  During this time interval areas of erosion and deposition 
were 884 ± 23m² and 967 ± 28m², respectively. 
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Figure10. Aerial photograph of Tab with the areas of erosion (pink) and deposition (green) for 
2001-2007. Tab shows larger areas of erosion and deposition, in general, but the areas are 
not balanced. The area of deposition is 729 ± 22m², and the area of erosion is 606 ± 17m². 
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Figure 11. Aerial photograph of Bridge South showing areas of erosion (pink) and 
deposition (green) from 2001-2007. The area of erosion is 332 ± 9m², and exceeds the area 
of deposition 213 ± 6m². These areas are unbalanced. 
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Figure 12. Digitized banklines showing the 2001 and 2004 banks and the digitized 
areas of erosion and deposition at Northbend. This is the only meander where areas of 
deposition and erosion are balanced from 2001-2004 (when the error overlap is considered). 
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Figure 13. Aerial photograph showing the areas of erosion (pink) and deposition (green) for 
the entire time interval of study, 2001-2004 erosion area of 312 ± 13m², and a total area of 
deposition of 295 ± 12m² at Northbend. This is the only meander where areas of erosion and 
deposition are balanced. 
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Figure 14. Aerial photograph showing the areas of erosion (pink) and deposition (green) for 
the entire time interval of study, 2001-2007 erosion area of 514 ± 15m², and a total area of 
deposition of 581 ± 16m² at Northbend. 
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Figure 15. Aerial photograph showing the areas of erosion (pink) and deposition (green) for 
the entire time interval of study, 2001-2007. The erosion area is 462 ± 13m², and a total area 
of deposition of 1076 ± 33m² at Stuart Field. 
 
 
61 
 
 
 
Figure 16. Aerial photograph showing the areas of erosion (pink) and deposition (green) for 
the entire time interval of study, 2001-2007 erosion area of 429 ±13m², and a total area of 
deposition of 975 ± 32m² at Stuart Field. 
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Reworking the Floodplain  
 
Within Grant-Kohrs Ranch N.H.S. there are approximately 700,000m² 
of floodplain that are affected by mine tailings according to maps of 
contamination extent (CH2MHill, 1987; Moore et al., 2001). Using this 
information, Swanson (2002) concluded that with a “long-term” erosion rate of 
740m²/yr, it would take 1000 years to rework the entire floodplain(Swanson, 
2002). In addition, the 28 million m² contaminated floodplain that spreads 
across the entire 69.2km Deer Lodge Valley, would average 180m² of 
contaminated sediment per meter of river (4000m total) (CH2MHill, 1987; 
Swanson, 2002). According to Swanson (2002) and Castro (2005), with a rate 
of 0.19m²/m/yr (normalized over the entire river length) it would also take 
about 1000 years to rework those soils (Castro, 2005; Swanson, 2002). 
 For this research, the average erosion per year calculated for the 
three time intervals, 2001-2004, 2004-2007 and 2001-2007 was equal to 
680m²/yr. To assess whether it will still take 1000 years to rework the 
floodplain, the average rate of erosion will be used in order to accommodate 
any contributing factors affecting the rate of erosion, such as variation in flow.  
Assuming 680m²/yr as the erosion rate for this study, it will take 
approximately 1000 years to rework the 700,000 m² contaminated floodplain. 
Also, with a normalized rate of 0.17m²/m/yr, it will also take about 1000 years 
to rework the 28 million m² soils spread across the Deer Lodge Valley. These 
values are within 10% error of what Swanson (2002) had calculated. 
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It is evident that erosion does not occur at an equal rate over time 
(Figure 16). The amount of erosion is highly variable between years and is 
affected by flow.  Also, channel migration will not always occur at the same 
speed within various reaches, and locations of the meanders and variations in 
soil erosivity will all contribute to this rate (Swanson, 2002). Furthermore, it 
appears that in the time interval from 2001-2007, the average erosion rate of 
0.17m²/m/yr is less than the average erosion rate of 0.19m²/m/yr calculated 
for the time interval 1983-2001 in the previous study by Swanson (2002).  
Thus, if restoration were to have occurred between the time intervals 
1997-2001 and 2001-2004, it would appear that erosion rates increased, and 
restoration was not effective (Figure 16). However, if restoration occurred 
between the intervals 1994-1997 and 1997-2001, then erosion rates appear 
to slow down, and restoration could be assumed to be effective. Based on 
when restoration occurred, two very different conclusions could be drawn. 
Therefore, to determine if restoration will truly be effective at slowing down 
rates of erosion, the complete record of study must be examined, and then 
rates of erosion would have to be the lowered even further than the lowest 
erosion rates on record. There is a huge amount of variability that must be 
accounted for, before restoration can be deemed productive, and the long-
term study should include flows seen in the past as well. For these 
aforementioned reasons, it becomes necessary to look at the overall flow 
regime and sediment processes that are operating at the study site. 
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Threshold of Sediment Mobilization Analysis 
Northbend 
To better understand why erosion rates may be different, it was 
imperative to study the meander bends in the field. Thus, an attempt to 
compare cross section data collected in the field during the summer of 2007 
to that which was collected in 2001 was made in order to reinforce the idea of 
channel migration that is occurring at the study site. Even though eight cross 
sections were measured in all in 2007, only data from two meanders, 
Northbend and Stuart Field, existed from 2001 for comparison.  For this 
reason, the cross section data and resultant cross section calculations from 
these two sites will be emphasized in detail. The complete set of collected 
data for all cross sections is in Appendix A. 
 A cross section of the meander Northbend is shown in Figure 18. 
Northbend is located north of the bridge at Grant-Kohrs Ranch N.H.S.  The 
cross section was measured on 8/14/2007. At the time of survey the 
discharge recorded by the USGS stream gage (#12324200) at the Clark Fork 
River near Deer Lodge was 9.09cms (321cfs). Though the original stakes that 
marked the endpoints of each side of the cross section were found, the data 
from both 2001 and 2007 was inconsistent when first plotted. There was an 
obvious error in the vertical height of the start point on the floodplain. In order 
to account, the elevation for both sets of data, 2001 and 2007, were 
normalized to zero meters, and a correction factor of 0.22meters was 
subtracted and applied to the 2007 data. The results of the cross section 
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show that channel migration consists of lateral migration, with approximately 
balanced areas of erosion and deposition. Downcutting within the channel is 
limited at this meander. 
From comparison of aerial photography it is known that from 2001-
2007, 514 ± 15m² of sediment and soil was eroded from Northbend, and 581± 
16m² of material was deposited (Table 5). This suggests that at Northbend, 
for this given time interval, the area of erosion is not balanced by the area of 
deposition. The cross section in Figure 18 supports the idea that the area of 
erosion is not balanced by the area of deposition. In addition the cross section 
shows lateral migration is occurring at this reach. The difference in the areas 
between the two years curves are listed on the graph for comparison. It 
appears from the cross section that the erosion that has occurred exceeds 
the amount of deposition at this meander, and this is inconsistent with the 
area calculations for erosion and deposition which indicated there was more 
deposition than erosion. This could be attributed to the fact that the cross 
sections measured in the field were not measured with the same instrument 
between 2001 and 2007, and at different river stages. In addition, the error 
associated with the digitization of area polygons must be considered when 
interpreting the erosion and deposition areas, and this error may actually be 
higher than what was originally calculated. 
A grain size distribution for this reach is shown in Figure 19. The 
median grain size for the surface of the bed, or D₅₀ is equal to 35mm 
(0.035m) and the D₈₄ is equal to 75mm (0.075m). From the graph (Figure 19), 
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it can be concluded that almost 30% of the size of the pebbles is less than 
4mm (0.004m). Overall, this reach of the river is categorized by range of 
sediment sizes, from fine-grained sands to larger-grained pebbles.  
In addition, the average calculated thalweg bed slope for the entire 
4km reach of the river was calculated to be 0.0057, which is classified as a 
low gradient. Specifically, for the meander Northbend, the thalweg bed slope 
was determined to be 0.0049, lower than the average. The average gradient 
of the river (not thalweg) was 0.0043, and the gradient at Northbend was 
0.004. The plot of the long profile for Northbend is shown in Figure 20 with 
both the thalweg bed slope and the gradient at the reach. The plot shows the 
thalweg is lower is elevation, which is expected because it is the deepest part 
of the river channel.  
To determine when sediment transport will begin movement of the 
median grain size at Northbend, the D₅₀ obtained for the meander, in addition 
to the raw cross section data, and thalweg bed slope was input into 
WinXSPro to eventually calculate the flow competence or Shields number 
(τ*). A value for the Mannings n for small streams was estimated to be 0.040 
(Chow, 1959; Gordon et al., 2004). From WinXSPro, the channel area and 
hydraulic radius at Northbend could be quantified at the time of survey and 
estimated bankfull stage. The area resulted in the values 3.23m² and 
25.55m², for the time of survey and bankfull stage, respectively. The results 
from the WinXSPro output can be seen in Table 6. These area values were 
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then used to calculate the discharge at bankfull, 36.7cms, using Mannings 
Equation: 
Q= (AR^⅔S^½) 
    n 
 
Boundary shear stress (τ) was determined using the hydraulic radius, slope, 
fluid density and gravity constant. For the time of survey, (τ) was equal to 
19.03N/m², and for bankfull, it was estimated to be 35.64N/m². The 
dimensionless shear stress (τ*c) was calculated for a range of hydraulic radii 
(R). However, because the hydraulic radius (R) determined for Northbend is 
correlated to a range of values for discharges (Q), the dimensionless shear 
stress (τ*) can be correlated to a range of flow values (Q). For the time of 
survey (τ*) is equal to 0.033, and at bankfull would equal 0.0630 (Table 7).
 
Figure 18. Cross section for Northbend within Grant
10.09m
-Kohrs Ranch N.H.S. The areas between the two curves are listed for 
² 
17.31m² 
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comparison.
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Figure 19. Grain size distribution for Northbend, Grant-Kohrs Ranch N.H.S. The median grain size is 35mm and the D₈₄ is 90mm. 
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Figure 20. Longitudinal profile for the bed slope and the thalweg measured at Northbend, Grant-Kohrs Ranch N.H.S. The average thalweg bed 
slope for this reach was 0.0049
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STAGE #SEC   AREA   PERIM 
  
WIDTH    R  DHYD SLOPE n VEL Q SHEAR 
  (m)      (m²)    (m)    (m)     (m) (m/m)      (m/s)      (cms) (N/m²) 
0.7   T   5.71 14.29 13.8 0.4 0.41 0.0049 0.042 0.91 5.17 19 
0.8   T   7.11 14.89 14.36 0.48 0.5 0.0049 0.041 1.05 7.49 22.74 
0.9   T   8.57 15.41 14.82 0.56 0.58 0.0049 0.04 1.19 10.22 26.48 
1   T   10.11 16.82 16.16 0.6 0.63 0.0049 0.039 1.28 12.9 28.62 
1.1   T   11.78 17.77 17.04 0.66 0.69 0.0049 0.038 1.38 16.26 31.54 
1.2   T   13.5 18.19 17.38 0.74 0.78 0.0049 0.038 1.51 20.37 35.32 
1.3   T   15.26 18.71 17.83 0.82 0.86 0.0049 0.038 1.63 24.79 38.81 
1.4   T   17.07 19.44 18.49 0.88 0.92 0.0049 0.037 1.72 29.43 41.8 
1.5   T   19.05 22.16 21.13 0.86 0.9 0.0049 0.037 1.71 32.55 40.92 
1.6   T   21.31 25.15 24.05 0.85 0.89 0.0049 0.037 1.7 36.28 40.34 
1.7   T   23.97 31.23 30.07 0.77 0.8 0.0049 0.037 1.6 38.27 36.53 
1.75   T   25.55 34.13 32.93 0.75 0.78 0.0049 0.037 1.57 40.22 35.64 
 
 
 Table 6. Calculated output from WinXSPro. The row highlighted in purple is estimated river stage at the time of survey at Northbend, while 
the row highlighted in pink is estimated bankfull stage of the river.
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Stage 
(m) 
Hyd. Rad.  
(m) 
Q cor. to R 
(cms) 
τ=pgRS 
(N/m²) 
τ* (Shield's 
Number) 
0.4 0.24 1.29 11.525 0.018 
0.45 0.28 1.77 13.446 0.021 
0.5 0.29 2.22 13.926 0.022 
0.55 0.32 2.8 15.366 0.024 
0.6 0.34 3.46 16.327 0.025 
0.65 0.36 4.24 17.287 0.027 
0.7 0.4 5.2 19.208 0.030 
0.75 0.44 6.31 21.129 0.033 
0.8 0.48 7.53 23.050 0.036 
0.85 0.52 8.84 24.970 0.039 
0.9 0.56 10.27 26.891 0.042 
0.95 0.59 11.69 28.332 0.044 
1 0.6 12.95 28.812 0.045 
1.05 0.63 14.55 30.253 0.047 
1.1 0.66 16.33 31.693 0.049 
1.15 0.7 18.35 33.614 0.052 
1.2 0.74 20.46 35.535 0.055 
1.25 0.78 22.68 37.456 0.058 
1.3 0.82 24.91 39.376 0.061 
1.35 0.85 27.18 40.817 0.063 
1.4 0.88 29.56 42.258 0.065 
1.45 0.87 31.08 41.777 0.065 
1.5 0.86 32.7 41.297 0.064 
1.55 0.85 34.33 40.817 0.063 
1.6 0.85 36.44 40.817 0.063 
1.65 0.82 37.76 39.376 0.061 
1.7 0.77 38.44 36.975 0.057 
1.75 0.75 40.4 36.015 0.056 
 
 
 
 
Table 7. Calculated values for boundary shear stress and Shields number for Northbend, Grant-
Kohrs Ranch N.H.S. The row highlighted in purple is estimated river stage at the time of survey at 
Northben, while the row in pink is estimated bankfull stage of the river. 
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Stuart Field 
The second meander bend that was compared between 2001 and 
2007, Stuart Field, is located below the bridge at Grant-Kohrs Ranch N.H.S. 
The cross section was measured 11/3/2007, and at the time of survey the 
recorded discharge from the USGS stream gage (#12324200) for the Clark 
Fork River near Deer Lodge was 6.26cms (221cfs). The cross section for 
Stuart Field is shown in Figure 21. A correction factor of 0.122m was added to 
the elevation of the 2007 raw data to adjust for differences in the height of the 
floodplain during analysis.   
It is evident from Figure 21 that lateral migration is occurring within the 
channel at this meander bend just as in Northbend. Furthermore, there is not 
very much down cutting or vertical aggradation occurring. The areas between 
the two curves (2001 and 2007) were quantified (~11.5m²) and the values are 
reported on the graph. It appears from this data that lateral migration is casing 
erosion on the outside meander, but that is being balanced by deposition on 
the inside meander. So from the cross section data it can be concluded that 
Stuart Field is behaving as would be expected for a meander bend. 
However, the aerial photography analysis is not consistent with the 
field measured cross section. From 2001-2007, approximately 426 ± 13m² of 
area was eroded from Stuart Field. Conversely, 1076 ± 33m² of area was 
deposited to the point bar. This is almost three times the amount of erosion. 
This could be attributed to a difference in river stage. The 2007 photos were 
flown at a discharge almost 100cfs less than in 2001 (Table 2). Differences in 
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river stage have minimal effect on the cutbank, but may be overestimating the 
calculated amount of deposition on the point bar. 
A grain size analysis was conducted at Stuart Field and the results are 
presented in Figure 22. The D₅₀ obtained for this reach is 32mm (0.032m) 
and the D₈₄ is 53mm (0.053m). At Northbend, the D₅₀ was 35mm, and this 
value is quite similar to Stuart Field, but the D₈₄ at Northbend was 75mm 
(0.075m), which is greater than at Stuart Field. Furthermore, at Stuart Field, it 
is evident from the grain size distribution chart there was less sediment <4mm 
overall. 
The calculated thalweg bed slope of Stuart Field is 0.0063, which is 
higher than the average reported for the entire river (0.0057). The slope 
gradient at Stuart Field is 0.0061, which is also greater than the average 
reported slope for the river (0.0043). A plot of the longitudinal profile is shown 
in Figure 23 for this reach.  
The results from the WinXSPro output are summarized in Table 8. At 
the time of survey, the area was computed to be 8.74m². At bankfull the area 
was calculated to be 33.21m². The hydraulic radius at bankfull, 0.85m, the 
area at bankfull, 33.21m², the thalweg bed slope, 0.0063, and Mannings n, 
0.040, were used to calculate the discharge. The bankfull discharge is 
59.28cms, which is greater than the bankfull discharge at Northbend. Table 9 
summarizes the values obtained for shear stress and Shields number for a 
range of flows including at the time of survey and estimated bankfull stage. 
Boundary shear stress (τ) at the time of survey and bankfull are 36.06N/m² 
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and 57.74N/m², respectively. Values for the Shields number (τ*) at the time of 
survey and estimated bankfull stage are 0.071 and 0.102, respectively.  
 
Figure 21. Cross section for Stuart Field within Grant-Kohrs Ranch N.H.S. The areas between the two curves are listed for comparison.
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Figure 22. Grain size distribution curve for Stuart Field, Grant-Kohrs Ranch N.H.S. The D₅₀ is 32mm (0.032m) and the D₈₄ is 53mm (0.053m).
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Figure 23. Longitudinal profile showing the thalweg bed slope (0.0063) and the slope gradient (0.0061) at Stuart Field in Grant-Kohrs Ranch 
N.H.S.. 
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STAGE #SEC   AREA   PERIM 
  
WIDTH       R DHYD SLOPE n VEL Q SHEAR 
  (m)   (m²)    (m)    (m)     (m) (m/m)      (m/s)     (cms)   (N/m²) 
0.75   T   8.74 17.31 17.15 0.5 0.51 0.0063 0.036 1.41 12.28 31.31 
0.85   T   10.46 17.6 17.34 0.59 0.6 0.0063 0.035 1.6 16.71 36.89 
0.95   T   12.21 17.85 17.49 0.68 0.7 0.0063 0.035 1.78 21.71 42.42 
1.05   T   13.99 18.59 18.17 0.75 0.77 0.0063 0.034 1.92 26.81 46.69 
1.15   T   15.91 20.98 20.5 0.76 0.78 0.0063 0.034 1.94 30.91 47.06 
1.25   T   18.04 22.56 22.02 0.8 0.82 0.0063 0.034 2.03 36.6 49.63 
1.35   T   20.32 24.13 23.54 0.84 0.86 0.0063 0.034 2.11 42.97 52.25 
1.45   T   22.96 30.68 30.04 0.75 0.76 0.0063 0.034 1.96 45.09 46.45 
1.55   T   26.09 33.12 32.42 0.79 0.8 0.0063 0.033 2.04 53.33 48.88 
1.65   T   29.47 36.53 35.77 0.81 0.82 0.0063 0.033 2.09 61.57 50.08 
1.75   T   33.21 38.91 38.06 0.85 0.87 0.0063 0.033 2.18 72.42 52.97 
 
 
Table 8. Example of calculated output from WinXSPro. The row highlighted in purple is estimated river stage at the time of survey at Stuart Field, 
while the row highlighted in pink is estimated bankfull stage of the river.  
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Stage Hyd. Rad.          
(m) 
Q cor. to R          
(cms) 
τ=pgRS         
(N/m²) 
τ*                  
(Shields 
Number) 
0.15 0.1 0.26 6.204 0.012 
0.25 0.17 0.93 10.547 0.020 
0.35 0.23 2 14.270 0.028 
0.45 0.29 3.55 17.993 0.035 
0.55 0.36 5.84 22.336 0.043 
0.65 0.43 8.69 26.679 0.052 
0.75 0.5 12.25 31.022 0.060 
0.85 0.59 16.67 36.606 0.071 
0.95 0.68 21.66 42.190 0.082 
1.05 0.75 26.75 46.533 0.090 
1.15 0.76 30.84 47.153 0.091 
1.25 0.8 36.51 49.635 0.096 
1.35 0.84 42.87 52.117 0.101 
1.45 0.75 44.98 46.533 0.090 
1.55 0.79 53.2 49.015 0.095 
1.65 0.81 61.42 50.255 0.097 
1.75 0.85 72.24 52.737 0.102 
 
 
Table 9. Calculated values for boundary shear stress and Shields number for Stuart Field, Grant-Kohrs Ranch N.H.S. The row highlighted in 
purple is estimated river stage at the time of survey at Stuart Field, while the row highlighted in pink is estimated bankfull stage of the river.
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Incipient Motion 
Calculated values of Shields number from Northbend, Stuart Field, and 
five other cross sections throughout the study site (Ponds, Tab, Double West, 
Section 05 and Bridge North), were compiled in order to estimate the 
corresponding discharges that would be required to initiate sediment 
movement within the specified meander bends. These discharges were 
compared to the historical flow data recorded by the USGS Stream Gage # 
12324200 at Deer Lodge, MT in order to ascertain whether sufficient flows 
occurred to allow sediment transport within Grant-Kohrs Ranch N.H.S. 
between 2001 and 2007.  
Cross section data for all meander bends are summarized and 
presented in Table 10. Table 10 displays the thalweg bed slope and median 
grain size that were measured at each bend and used in the calculation of the 
Shields number. In addition, the table distinctly divides the calculated values 
of boundary shear stress (τ) and the Shields number (τ*), along with the 
corresponding hydraulic radii and discharges, at (1) the time of survey and (2) 
the estimated bankfull stage.  Although a range of values for the boundary 
shear stress and the Shields number were calculated, only the river stage at 
the time of survey and estimated bankfull are shown for simplicity.  
From the table, it is apparent that the two meander bends with the 
largest median grain sized, D₅₀, are Tab and Double West, both 0.055m 
(55mm). The meanders with the smallest D₅₀, are Stuart Field and Bridge 
North, both 0.032m (32mm). 
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Boundary shear stress (τ) is a function of the fluid density, acceleration 
due to gravity, slope and hydraulic radius of the cross section. Both the 
density and gravity are held as constants, so the boundary shear stress 
becomes dependent on the slope and the hydraulic radius. As these values 
increase, the corresponding value of the shear stress (τ) will also increase. 
The meander bend with the highest value for (τ) at the time of survey and at 
bankfull is Bridge North, 40.373N/m² and 95.428N/m², respectively. This is 
what should be expected because Bridge North has the highest thalweg bed 
slope value (0.012) of all the meander bends, as well as a large hydraulic 
radius.  
Shields number (τ*) was calculated for all cross sections measured in 
the field to estimate when incipient motion of a certain grain size will begin. 
Shields number is a function of boundary shear stress, fluid density, sediment 
density, gravity and the median grain size. The fluid and sediment densities, 
as well as gravity are held as constants. So, the Shields number becomes a 
function of the boundary shear stress and the median grain size. Calculated 
values of Shields number for the time of survey range from 0.008 to 0.078, 
and calculated values of Shields number for bankfull range from 0.037-0.184. 
From Table 12, the general pattern appears to show that higher values of 
boundary shear stress are correlated to higher values for Shields number. For 
example, it is apparent that Bridge North, which had the highest values of 
boundary shear stress, also has the highest values of Shields number (τ*) for 
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the time of survey and at bankfull. These values are 0.078 and 0.184, 
respectively.   
 Shields (1936) estimated that for a closely packed set of grains with 
similar size, the critical Shields number (τ*c) will be 0.060 (Church, 2006; 
Shields, 1936). The critical Shields number is the threshold of particle motion, 
or the point at which sediment of a particular size in the bed will begin to 
move. Church (2006), using values and measurements based on flume 
experiments, approximated that this value is actually lower and will be closer 
to 0.045 (Church, 2006). Buffington and Montgomery (1997) estimate that for 
gravel bed rivers, values of (τ*c) range from 0.03-0.086 (Buffington and 
Montgomery, 1997). The values calculated for Shields number (τ*) in Table 
10 compare fairly well to the values of the critical Shields number (τ*c) cited in 
the literature. To better illustrate this point and provide a measure of the bed 
mobility a graph of Shields Number was constructed for a range of discharges 
for the Clark Fork River at Deer Lodge.  
Figure 24 shows the results of individual meanders plotted on a single 
graph of Shields number vs. Discharge for the Clark Fork River at Deer 
Lodge. Calculated values of Shields number are compared to the Church 
(2006) value of 0.045 and Shields (1946) value of 0.060 for the critical Shields 
number (τ*c) to better understand at which discharges, incipient motion will 
begin. The graph shows that individual meanders cross the threshold of 
particle mobility at various discharges.  
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At a critical Shields number of 0.045, the range of discharges that are 
needed to achieve bed mobility according to Chruch (2006) vary from as low 
as 6.2 cms at the meander Stuart Field, to as high as 24.5 cms at Ponds. The 
average discharge that is needed for the effective beginning of transport at all 
meanders is approximately 17 cms. At a critical Shields number os 0.060, the 
range of discharges needed for incipient motion vary from 12 cms to 46 cms, 
with an average of 31 cms. The general trend indicating that higher Shields 
numbers are associated with higher flows. Two meanders, Tab and Double 
West have Shields numbers that are lower than the critical Shields number 
(τ*c) cited by Church or Shields, 0.045 or 0.060, respectively. However 
Buffington and Montgomery (1997) cite a range of values for (τ*c) of gravel 
bedded river that are much lower, which may account for this discrepancy.  
From cross section analysis, it has been determined that erosion and lateral 
channel migration have occurred from 2001-2007, but now the question 
remains at what flows did these processes begin to occur. 
There is a USGS stream gage in the Clark Fork River near Deer 
Lodge, MT (CFR at Deer Lodge, MT Gage Station Number 12324200). This 
monitoring site has a continuous record of discharge data from water year 
1978 to the present. Stage height is also monitored, but only from 2004 to the 
present. The hydrograph plotted from USGS Daily Discharge Data is 
presented in Figure 25. The highest peak flow on record is 67.7 cms 
(2390cfs) which occurred on May 23, 1981. The years between 2001 and 
2007 will be of most interest to this study to observe how flow patterns in the 
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Clark Fork River at Deer Lodge are affecting the amount of sediment being 
transported in the channel.  
Figure 25 shows the hydrograph for the Clark Fork River near Deer 
Lodge for water year 2001 to 2007. From 2001-2007, the highest peak flow 
on record is 32 cms (1130 cfs) which occurred on June 7, 2007.  The red 
squares indicate the annual recorded peak flows, while the solid lines 
represent the minimum, maximum and average flows required for incipient 
motion. The graph of Shields number vs. Discharge (Figure 24) indicated that 
the effective beginning of transport will begin at a Shields number of 0.045. 
The range of discharges that were needed at this Shields number ranged 
from 6.2 cms to 24.5 cms, and the average flow was 17 cms. Figure 25 
shows that higher flows of these magnitudes do exist in the record, but as 
magnitude increases, frequency in the record. decreases.  
 The results from a Log-Pearson Type III Instantaneous Flood 
Frequency Analysis are shown in Table 11 and Figure 27 (OSU, 2002-2005). 
Flood frequency curves are useful in assessing the recurrence intervals of 
when flows of a certain magnitude will occur.  Although they are useful, they 
do have some limitations and drawbacks. Flood frequency curves are good 
indicators of past conditions that have been seen in the hydrologic record, but 
may not be a good representation of future conditions in a river (Smith et al., 
1998). And for a river like the Clark Fork, they tend to underestimate the 
actual flood magnitudes because the lack of flooding over a short time is 
extrapolated over the long-term (Smith et al., 1998).  
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 From Figure 27, the flood frequency curve demonstrates flows equal to 
25-30 cms, the maximum flows needed for incipient motion within individual 
meanders of the Clark Fork River at Grant-Kohrs Ranch N.H.S., occur on 
average every 2-2.5 years. However, flows of the magnitude of 6.2 cms, the 
minimum flow needed for incipient motion at Grant-Kohrs Ranch N.H.S., are 
more frequent in the record, about every 1.2 years (Figures 25 and 26). 
 Though past research has suggested that it is the infrequent 
catastrophic flood events which are most effective and most responsible for 
the geomorphic processes seen in channel morphology, this may not be fully 
true for the Clark Fork River through Deer Lodge. Here, it appears that the 
moderate flow events which occur more frequently, on average every ~2-2.5 
years, are responsible for sediment transport processes within the study site 
(Wolman and Miller, 1960 ). The catastrophic floods, such as the one that 
occurred on May 23, 1983 with a magnitude of 67.7 cms occur less 
frequently, on average, about every 20 years. Wolman and Miller (1960) 
suggested that how often geomorphic processes occur, is just as important as 
their magnitudes when assessing channel morphology.  Another way to think 
of it, is in terms of the effective discharge, or the discharge that has the 
capability to transport the most amount of sediment (Emmett and Wolman, 
2001) . It has been determined in several studies that a large portion of the 
“work” can be performed by the relatively frequent events of moderate 
magnitude as opposed to the rarer events of extreme magnitude (Wolman 
and Miller, 1960 ).  
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 From the hydrograph in Figure 24, within the Clark Fork River at Deer 
Lodge, MT, high peak flows can be correlated to the amount of erosion that 
occurred during that time interval. In general, with higher flows, the erosion 
rate is also higher. This suggests that within Gran-Kohrs Ranch N.H.S. the 
effective discharge for the Clark Fork River is exceeded on average every 2 
years, with flows of magnitude 25-30 cms. These moderate relatively frequent 
flows are responsible for the transport of the sediment within the channel, and 
in turn, are responsible for the channel geomorphology. However, it is also 
important to consider the higher and longer duration flows as well because 
they could be acting as a surrogate to the overall flow regime.  
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Cross 
Section 
Thalweg 
bed slope 
D₅₀            
(m) 
τ at 
survey 
(N/m²) 
τ* at 
survey 
Corr. 
Hydraulic 
Radius 
(m) 
Corr. 
Discharge 
(cms) 
τ at 
bankfull 
(N/m²) 
τ* at 
bankfull 
Corr. 
Hydraulic 
Radius 
(m) 
Corr. 
Discharge 
(cms) 
Tab 0.004 0.055 15.305 0.017 0.35 3.86 33.233 0.037 0.76 24.77 
Northbend 0.005 0.035 19.208 0.030 0.40 5.20 36.015 0.056 0.75 40.40 
Double 
West 0.007 0.055 11.642 0.013 0.18 1.83 54.586 0.062 0.85 47.99 
Ponds 0.005 0.040 5.762 0.008 0.12 0.65 43.440 0.067 0.91 45.80 
Stuart 
Field 0.006 0.032 36.060 0.071 0.59 16.67 57.740 0.102 0.85 72.24 
Section 05 0.006 0.047 40.572 0.050 0.69 16.63 84.084 0.103 1.43 74.97 
Bridge 
North 0.012 0.032 40.373 0.078 0.33 3.25 95.428 0.184 0.78 33.44 
 
 
Table 10. Summary table of all cross section data collected at the specified meanders. The coulmns highlighted in purple represent the river at the 
time of survey. The columns highlighted in pink represent the river at bankfull.
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Figure 24. Shields number vs. Discharge for Clark Fork River at Grant-Kohrs Ranch N.H.S. The dotted line represents Church’s value (0.045) for 
Shields number, while the solid line represents Shield’s value (0.060). Buffington and Montgomery (1997) cite a range of values for gravel bedded 
rivers, ranging from 0.030-0.086 for values of (τ*c).
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Figure 25: Hydrograph for WY 1978-2007 for Clark Fork River at Deer Lodge using daily discharge data collected from USGS Stream Gage 
Station, Deer Lodge, MT 12324200 (USGS, 2008) http://waterdata.usgs.gov/nwis/nwisman?
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Figure 26: Hydrograph from WY 2001-2007 for Clark Fork River at Deer Lodge using daily discharge data collected from USGS Stream Gage 
Station, Deer Lodge, MT 12324200 (USGS, 2008) http://waterdata.usgs.gov/nwis/nwisman? The red squares indicate the annual recorded peak 
flows, while the solid lines represent the minimum, maximum and average flows required for incipient motion. 
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Flood Frequency Calculations using log-Pearson Analysis III 
(period of record WY 1979-
2007) 
Return Period Skew Coefficient Discharge Dishcharge 
(years) K(-0.1444) Q (cfs) Q (cms) 
1 -2.4320 169.8754 4.81 
2 0.024                                                    833  23.60 
5 0.848                                                 1,420  40.22 
10 1.265                                                 1,860  52.69 
25 1.700                                                 2,466  69.85 
50 1.976                                                 2,948  83.49 
100 2.219                                                 3,452  97.75 
200 2.440                                                 3,983  112.80 
 
. 
 
Table 11. Log–Pearson Type III Flood Frequency Anaylsis for the Clark Fork River at Deer Lodge for Water Year 1979-2007. 
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Figure 27. Flood Frequency Analysis for Clark Fork River at Deer Lodge, MT showing the Discharge vs. the Return Period. 
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IV. Summary and Conclusions 
The Clark Fork River at Grant-Kohrs Ranch N.H.S. is a part of a 
dynamic meandering fluvial system that is constantly changing as a result of 
meander migration. It is evident that mining activities which occurred for over 
a hundred years have adversely altered the system, and the contaminated 
floodplain remains a source of concern.   
 Aerial photograph analysis and cross section analysis showed that 
erosion and deposition of the floodplain is occurring throughout the reach. 
However, results from both sets of data indicate that areas of erosion and 
areas of deposition are highly variable and unbalanced throughout both 
individual meanders and the entire study reach. The average rate of erosion 
for 2001-2007 at Grant-Kohrs Ranch N.H.S. is 0.170m²/m/yr. The previous 
rates of erosion for the time interval 1947-2001 was calculated to be 
0.19m²/m/yr (Swanson, 2002). Thus it is apparent that erosion rates have 
stayed fairly stable during the interval of time from 2001-2007. Despite the 
variability, at the current average rate of erosion, it is estimated that it will 
~1000 years to rework the 700,000 m² contaminated floodplain at Grant-
Kohrs Ranch N.H.S. one time. The average rate of deposition for the time 
between 2001 and 2007 was determined to be 0.222m²/m/yr. 
 Although EPA has a proposed remediation plan that includes 
increasing vegetation, stabilizing the banks and removing tailings from the 
floodplain, it is uncertain whether or not the proposed plan would actually 
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accomplish the goal of reducing current erosion rates. There is a huge 
amount of variability in erosion rates amongst the time intervals of study. A 
complete long-term assessment with flows that are comparable to those seen 
in the past is needed to better understand how effective restoration will be. In 
addition, caution must be taken when trying to rate the effectiveness of 
restoration. 
 Simply, increasing the amount of vegetation on the banks in an effort 
to stabilize the banks of the Clark Fork River at Grant-Kohrs Ranch N.H.S. 
may not be the entire answer. The reason erosion is occurring at such a fast 
rate, is not just because of the lack of vegetation along the banks, it is also 
the act of undercutting. In order to fully stabilize the channel banks, not just 
the top soils and mine tailings have to be addresses, the gravels at the base 
of the banks also have to be stabilized as well because they determine the 
resistivity to undercutting. 
 It is known that sediment transport processes are affecting the 
geomorphology of the river, and the movement of gravels plays a vital role in 
this. An Incipient Motion Method was used to better understand when 
sediment will first become mobilized in the river. This analysis suggested that 
within the Clark Fork River at Gran-Kohrs Ranch N.H.S., sediment becomes 
mobilized at a range of discharges. However, the effective discharge, or flow 
at which the most amount of sediment is moved, is achieved every 2 years. 
Thus, it is the moderate, fairly frequent flow event that is responsible for the 
sediment transport in the river. The longer duration and higher flows also play 
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a role in the geomorphology of the river, but they may simply act as a 
confounding factor. The more moderate flow is the discharge that has the 
capability to do the most work in the system. 
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Appendix A. Root Mean Square Error  
 
To minimize error, the larger 2004 and 2007 images, were clipped into 
smaller, relatively equal-sized, images centered on the main channel. The RMS error 
for the 2001 year photographs was obtained from Swanson (2002). Between twenty 
to thirty centers of trees were chosen per clipped image for each year’s photographs 
to minimize error while georeferencing the photos. ArcMap calculates a Root Mean 
Square (RMS) error for each georeferenced image. The RMS error is for the pixel, 
but to get it in distance unites, the RMS error was multiplied by the pixel size for the 
photograph year. The RMS ranged from 0.02 to 0.53 meters, with an average RMS 
value of 0.2 meters. 
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Appendix A. Root Mean Square Error 
2001 
Photo 
  Clip# 
Pixel 
Size 
RMS 
total 
RMS error 
(m) 
1 0.13 1.62 0.21 
2 0.13 2.31 0.30 
3 0.13 1.41 0.18 
4 0.13 2.04 0.27 
5 0.13 1.7 0.22 
6 0.13 1.92 0.25 
7 0.13 1.68 0.22 
8 0.13 1.97 0.26 
9 0.13 1.57 0.20 
10 0.13 1.72 0.22 
11 0.13 1.87 0.24 
12 0.13 2.11 0.27 
13 0.13 2.18 0.28 
  14 0.13 1.66 0.22 
Average 
 
0.13 1.84 0.24 
 
 
2004  
Photo 
  Clip # 
Pixel 
Size 
RMS 
total 
RMS error 
(m) 
1 0.32 1.12 0.36 
2 0.32 0.42 0.13 
3 0.32 0.57 0.18 
4 0.32 0.80 0.26 
5 0.32 0.18 0.06 
6 0.32 0.62 0.20 
7 0.32 1.66 0.53 
8 0.32 0.83 0.27 
9 0.32 1.54 0.49 
10 0.32 0.71 0.23 
11 0.32 0.70 0.22 
12 0.32 0.77 0.24 
  13 0.32 0.90 0.29 
Average 
 
0.32 0.83 0.27 
 
106 
 
2007  
Photo 
  Clip # 
Pixel 
Size 
RMS 
total 
RMS error 
(m) 
1 0.09 0.83 0.08 
2 0.09 0.52 0.05 
3 0.09 0.63 0.06 
4 0.09 0.64 0.06 
5 0.09 0.37 0.03 
6 0.09 0.42 0.04 
7 0.09 0.68 0.06 
8 0.09 0.59 0.06 
9 0.09 0.24 0.02 
10 0.09 0.76 0.07 
11 0.09 0.38 0.04 
12 0.09 0.43 0.04 
13 0.09 0.61 0.06 
14 0.09 0.56 0.05 
15 0.09 0.46 0.04 
16 0.09 0.37 0.03 
17 0.09 0.41 0.04 
Average   0.09 0.52 0.05 
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Appendix B: GPS Points 
 
The locations of start and end points were taken in the field at Grant-
Kohrs Ranch N.H.S. using a handheld Garmin eTrex Vista Cx GPS. The 
handheld GPS has an accuracy rate of 95% and has an error of +/- 3-5 
meters (10-16 feet) on the ground (Garmin, 2006). Start and end points were 
designated with a stake and flagging tape in the field.  GPS points are given 
in decimal degree minutes. 
 
A= East side of the river      A’=West side of the river
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Appendix B: Table of GPS Points 
 
Bend Name Latitude A Longitude A Latitude A’ Longitude A’ 
 
Ponds N 46º25.411 W -112º44.493 N 46º25.399 W -112º44.517 
Tab N 46º25.238 W -112º44.745 N 46º25.248 W -112º44.770 
Double West N 46º24.855 W -112º44.827 N 46º24.879 W -112º44.836 
Northbend N 46º24.700 W -112º44.696 N 46º24.741 W -112º44.705 
Section 05 N 46º24.679 W -112º44.709 N 46º24.678 W -112º44.683 
Above Bridge N 46º24.529 W -112º44.805 N 46º24.523 W -112º44.786 
Stuart Field N 46º24.437 W -112º44.616 N 46º24.448 W -112º44.583 
Stuart Field 2 N 46º24.438 W -112º44.592 N 46º24.433 W -112º44.573 
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Appendix C: Bend Locations located at Grant-Kohrs 
Ranch National Historic Site 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C.1.  Locations of meander bends north of the 
bridge at 
 
 
 
Grant-Kohrs Ranch N.H.S. 
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Appendix C.2.  Locations of meander bends south of the 
bridge at Grant
 
-Kohrs Ranch N.H.S. 
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Appendix D: Cross Section Data 
 
Cross sections are shown at each meander with green dots representing the 
start and ends points. The pink lines represent the extent of the slope and 
thalweg measurements. Grain size analysis was conducted along main cross 
section. For each meander bend the following are shown: 
a. Location of Cross Section 
b. Cross Section Plot 
c. Grain Size Distribution 
d. Longitudinal Profile 
e. WinXSPro Output 
f. Boundary Shear Stress and Shields Number Chart 
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Appendix D. Cross Section Data 
 
           
           
           
Appendix D.1.a. Cross section location at Ponds, Grant-Kohrs Ranch. 
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Appendix D.1.b. Cross section of Ponds, Grant-Kohrs Ranch.
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Appendix D.1.c. Grain size distribution curve for Ponds, Grant-Kohrs Ranch
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Appendix D.1.d. Longitudinal profile for Ponds, Grant-Kohrs Ranch. 
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Appendix D: Cross Section Data 
 
 
STAGE #SEC   AREA   PERIM 
  
WIDTH    R    DHYD SLOPE N VAVG Q SHEAR 
  (m)     (sq m)    (m)    (m)     (m) (m/m)     (m/s) (cms) (N/m²) 
0.25   T   2.16 17.35 17.33 0.12 0.12 0.0049 0.058 0.3 0.65 5.98 
0.35   T   4.06 21.43 21.41 0.19 0.19 0.0049 0.05 0.47 1.89 9.1 
0.45   T   6.27 22.49 22.42 0.28 0.28 0.0049 0.045 0.66 4.14 13.38 
0.55   T   8.52 22.73 22.55 0.37 0.38 0.0049 0.043 0.85 7.27 17.99 
0.65   T   10.78 23 22.71 0.47 0.47 0.0049 0.041 1.03 11.1 22.51 
0.75   T   13.07 23.35 22.99 0.56 0.57 0.0049 0.04 1.19 15.57 26.87 
0.85   T   15.43 24.88 24.46 0.62 0.63 0.0049 0.039 1.3 20.08 29.78 
0.95   T   17.93 25.82 25.36 0.69 0.71 0.0049 0.039 1.43 25.58 33.34 
1.05   T   20.5 26.62 26.13 0.77 0.78 0.0049 0.038 1.55 31.79 36.97 
1.15   T   23.16 27.61 27.1 0.84 0.85 0.0049 0.038 1.66 38.48 40.27 
1.25   T   25.92 28.6 28.07 0.91 0.92 0.0049 0.037 1.77 45.79 43.5 
 
 
Appendix D.1.e. WinXSPro Output for Ponds, Grant-Kohrs Ranch 
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Appendix D: Cross Section Data 
 
Stage Hyd. Rad.  
(m) 
Q cor. to R 
(cms) 
T=pgRS T* (Shield's 
Number) 
0.05 0.03 0 1.4406 0.001979798 
0.1 0.05 0.03 2.401 0.003299663 
0.15 0.07 0.08 3.3614 0.004619529 
0.2 0.09 0.21 4.3218 0.005939394 
0.25 0.12 0.65 5.7624 0.007919192 
0.3 0.16 1.21 7.6832 0.010558923 
0.35 0.19 1.89 9.1238 0.012538721 
0.4 0.23 2.9 11.0446 0.015178451 
0.45 0.28 4.14 13.4456 0.018478114 
0.5 0.33 5.61 15.8466 0.021777778 
0.55 0.37 7.27 17.7674 0.024417508 
0.6 0.42 9.11 20.1684 0.027717172 
0.65 0.47 11.11 22.5694 0.031016835 
0.7 0.51 13.26 24.4902 0.033656566 
0.75 0.56 15.58 26.8912 0.036956229 
0.8 0.59 17.78 28.3318 0.038936027 
0.85 0.62 20.09 29.7724 0.040915825 
0.9 0.66 22.73 31.6932 0.043555556 
0.95 0.69 25.58 33.1338 0.045535354 
1 0.73 28.61 35.0546 0.048175084 
1.05 0.77 31.8 36.9754 0.050814815 
1.1 0.8 35.06 38.416 0.052794613 
1.15 0.84 38.48 40.3368 0.055434343 
1.2 0.87 42.07 41.7774 0.057414141 
1.25 0.91 45.8 43.6982 0.060053872 
 
 
Appendix D.1.f. Boundary Shear Stress and Shields Number for Ponds, 
Grant-Kohrs Ranch 
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Appendix D: Cross Section Data 
 
 
 
 
Appendix D.2.a. Cross section location at Tab, Grant-Kohrs Ranch. 
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Appendix D.2.b. Cross section of Tab, Grant-Kohrs Ranch.
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Appendix D.2.c. Grain size d
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Appendix D.2.d. Longitudinal Profile of Tab, Grant-Kohrs Ranch. 
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Appendix D: Cross Section Data 
 
STAGE #SEC   AREA 
  
PERIM 
  
WIDTH    R    DHYD SLOPE n VAVG Q SHEAR 
  (m) 
 
  (sq m)        (m)    (m)     (m) (m/m) 
  
 (m/s)     (cms) (N/m²) 
0.75   T   4.9 14.15 14.01 0.35 0.35 0.004462 0.042 1.07 5.26 28.18 
0.85   T   6.33 14.67 14.47 0.43 0.44 0.004462 0.041 1.28 8.13 35.1 
0.95   T   7.8 15.37 15.1 0.51 0.52 0.004462 0.04 1.47 11.43 41.28 
1.05   T   9.36 16.3 15.98 0.57 0.59 0.004462 0.039 1.62 15.16 46.69 
1.15   T   10.98 16.91 16.52 0.65 0.66 0.004462 0.038 1.79 19.63 52.83 
1.25   T   12.66 17.52 17.07 0.72 0.74 0.004462 0.038 1.94 24.62 58.8 
1.35   T   14.47 20.09 19.58 0.72 0.74 0.004462 0.038 1.95 28.29 58.62 
1.45   T   16.51 21.67 21.1 0.76 0.78 0.004462 0.037 2.05 33.79 61.99 
 
 
Appendix D.2.e. WinXSPro Output of Tab, Grant-Kohrs Ranch. 
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Appendix D: Cross Section Data 
 
Stage 
(m) 
Hyd. Rad.  
(m) 
Q cor. to R 
(cms) 
T=pgRS T* (Shield's 
Number) 
0.05 0.02 0 0.874552 0.000983361 
0.1 0.05 0.01 2.18638 0.002458402 
0.15 0.08 0.05 3.498208 0.003933444 
0.2 0.11 0.1 4.810036 0.005408485 
0.25 0.14 0.2 6.121864 0.006883526 
0.3 0.16 0.32 6.996416 0.007866887 
0.35 0.19 0.5 8.308244 0.009341928 
0.4 0.22 0.72 9.620072 0.01081697 
0.45 0.24 1.01 10.494624 0.011800331 
0.5 0.27 1.35 11.806452 0.013275372 
0.55 0.29 1.73 12.681004 0.014258733 
0.6 0.31 2.14 13.555556 0.015242094 
0.65 0.31 2.58 13.555556 0.015242094 
0.7 0.32 3.09 13.992832 0.015733774 
0.75 0.35 3.86 15.30466 0.017208815 
0.8 0.39 4.85 17.053764 0.019175537 
0.85 0.43 5.96 18.802868 0.021142259 
0.9 0.47 7.18 20.551972 0.023108981 
0.95 0.51 8.38 22.301076 0.025075702 
1 0.54 9.67 23.612904 0.026550744 
1.05 0.57 11.12 24.924732 0.028025785 
1.1 0.61 12.71 26.673836 0.029992507 
1.15 0.65 14.39 28.42294 0.031959229 
1.2 0.69 16.17 30.172044 0.03392595 
1.25 0.72 18.05 31.483872 0.035400992 
1.3 0.73 19.5 31.921148 0.035892672 
1.35 0.72 20.74 31.483872 0.035400992 
1.4 0.74 22.68 32.358424 0.036384353 
1.45 0.76 24.77 33.232976 0.037367713 
 
 
Appendix D.2.f. Boundary Shear Stress and Shields Number of Tab, Grant-
Kohrs Ranch. 
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Appendix D: Cross Section Data 
 
 
 
 
Appendix D.3.a. Location of cross section at Double West, Grant-Kohrs 
Ranch. 
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Appendix D.3.b. Graph of cross section at Double West, Grant-Kohrs Ranch.
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Appendix D.3.c. Grain size distribution
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Appendix D.3.d. Longitudinal Profile at Double West, Grant-Kohrs Ranch.
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Appendix D: Cross Section Data 
 
STAGE #SEC AREA PERIM WIDTH R DHYD SLOPE n VAVG Q SHEAR 
(m) 
 
 (m) (m) (m) (m) (m/m) 
  
(m/s) (cms) (N/m²) 
0.33 T 3.18 18.76 18.74 0.17 0.17 0.0066 0.052 0.48 1.52 10.9 
0.43 T 5.23 21.52 21.48 0.24 0.24 0.0066 0.047 0.67 3.51 15.61 
0.53 T 7.41 22.17 22.09 0.33 0.34 0.0066 0.044 0.89 6.58 21.46 
0.63 T 9.66 23 22.87 0.42 0.42 0.0066 0.042 1.08 10.46 26.99 
0.73 T 11.97 23.46 23.26 0.51 0.51 0.0066 0.041 1.27 15.22 32.78 
0.83 T 14.32 23.98 23.72 0.6 0.6 0.0066 0.04 1.45 20.71 38.35 
0.93 T 16.72 24.51 24.18 0.68 0.69 0.0066 0.039 1.61 26.92 43.81 
1.03 T 19.16 25.05 24.66 0.76 0.78 0.0066 0.038 1.77 33.82 49.12 
1.13 T 21.65 25.61 25.16 0.85 0.86 0.0066 0.038 1.91 41.38 54.3 
1.23 T 24.19 26.17 25.66 0.92 0.94 0.0066 0.038 2.05 49.62 59.37 
1.25 T 24.71 28.96 28.43 0.85 0.87 0.0066 0.038 1.94 47.99 54.81 
 
 
Appendix D.3.e. WinXSPro Output for Double West, Grant-Kohrs Ranch.
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Appendix D: Cross Section Data 
 
Stage 
(m) 
R 
(m) 
Q 
(cms) 
T=pgRS T* (shields 
number) 
0.05 0.03 0.01 1.9404 0.002181818 
0.1 0.06 0.05 3.8808 0.004363636 
0.15 0.09 0.14 5.8212 0.006545455 
0.2 0.11 0.35 7.1148 0.008 
0.25 0.12 0.61 7.7616 0.008727273 
0.3 0.15 1.13 9.702 0.010909091 
0.35 0.18 1.83 11.6424 0.013090909 
0.4 0.22 2.76 14.2296 0.016 
0.45 0.26 4.06 16.8168 0.018909091 
0.5 0.31 5.59 20.0508 0.022545455 
0.55 0.35 7.27 22.638 0.025454545 
0.6 0.39 9.18 25.2252 0.028363636 
0.65 0.44 11.35 28.4592 0.032 
0.7 0.48 13.72 31.0464 0.034909091 
0.75 0.53 16.26 34.2804 0.038545455 
0.8 0.57 18.99 36.8676 0.041454545 
0.85 0.61 21.9 39.4548 0.044363636 
0.9 0.66 24.99 42.6888 0.048 
0.95 0.7 28.25 45.276 0.050909091 
1 0.74 31.68 47.8632 0.053818182 
1.05 0.78 35.28 50.4504 0.056727273 
1.1 0.82 39.05 53.0376 0.059636364 
1.15 0.86 42.98 55.6248 0.062545455 
1.2 0.9 47.08 58.212 0.065454545 
1.25 0.85 47.99 54.978 0.061818182 
 
 
Appendix D.3.f. Boundary Shear Stress and Shields Number for Double 
West, Grant-Kohrs Ranch.
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Appendix D: Cross Section Data 
 
 
 
Appendix D.4.a. Location of cross section at Section 05, Grant-Kohrs Ranch.
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Appendix D.4.b. Graph of cross section at Section 05, Grant-Kohrs Ranch. 
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Appendix D.4.c. Grain size distribution curve at Section 05, Grant-Kohrs Ranch. 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1 10 100 1000
C
u
m
u
la
ti
v
e
 %
 F
in
e
r
Grain Size (mm)
Appendix D: Cross Section Data
134 
 
 
Appendix D.4.e. WinXSPro Output of Section 05, Grant-Kohrs Ranch. 
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Appendix D: Cross Section Data 
 
STAGE #SEC AREA PERIM WIDTH R DHYD SLOPE n VAVG Q SHEAR 
(m) 
 
(sq m) (m) (m) (m) (m/m) 
  
(m/s) (cms) (N/m²) 
0.99 T 10.48 15.46 15.16 0.68 0.69 0.006 0.039 1.54 16.17 39.59 
1.09 T 12 15.76 15.38 0.76 0.78 0.006 0.038 1.69 20.32 44.5 
1.19 T 13.55 16.06 15.61 0.84 0.87 0.006 0.038 1.83 24.88 49.31 
1.29 T 15.13 16.36 15.83 0.92 0.96 0.006 0.037 1.97 29.81 54.02 
1.39 T 16.72 16.69 16.09 1 1.04 0.006 0.037 2.1 35.08 58.53 
1.49 T 18.34 17.05 16.38 1.08 1.12 0.006 0.037 2.22 40.67 62.85 
1.59 T 20 17.41 16.67 1.15 1.2 0.006 0.036 2.33 46.63 67.1 
1.69 T 21.68 17.73 16.91 1.22 1.28 0.006 0.036 2.45 53.03 71.42 
1.79 T 23.39 18.2 17.32 1.29 1.35 0.006 0.036 2.54 59.48 75.07 
1.89 T 25.14 18.66 17.71 1.35 1.42 0.006 0.036 2.64 66.33 78.73 
1.99 T 26.92 18.95 17.92 1.42 1.5 0.006 0.036 2.75 73.94 83.01 
   
 
Appendix D.4.e. WinXSPro Output of Section 05, Grant-Kohrs Ranch. 
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Appendix D: Cross Section Data 
 
Stage (m) Hyd. Rad.  
(m) 
Q cor. to R 
(cms) 
T=pgRS T* (Shield's 
Number) 
0.5 0.29 2.7 17.052 0.021090909 
0.55 0.32 3.56 18.816 0.023272727 
0.6 0.37 4.57 21.756 0.026909091 
0.65 0.41 5.69 24.108 0.029818182 
0.7 0.45 6.92 26.46 0.032727273 
0.75 0.49 8.27 28.812 0.035636364 
0.8 0.53 9.71 31.164 0.038545455 
0.85 0.57 11.27 33.516 0.041454545 
0.9 0.61 12.93 35.868 0.044363636 
0.95 0.64 14.69 37.632 0.046545455 
1 0.69 16.63 40.572 0.050181818 
1.05 0.73 18.68 42.924 0.053090909 
1.1 0.77 20.84 45.276 0.056 
1.15 0.81 23.09 47.628 0.058909091 
1.2 0.85 25.44 49.98 0.061818182 
1.25 0.89 27.89 52.332 0.064727273 
1.3 0.93 30.43 54.684 0.067636364 
1.35 0.97 33.06 57.036 0.070545455 
1.4 1.01 35.74 59.388 0.073454545 
1.45 1.05 38.52 61.74 0.076363636 
1.5 1.08 41.4 63.504 0.078545455 
1.55 1.12 44.36 65.856 0.081454545 
1.6 1.16 47.42 68.208 0.084363636 
1.65 1.19 50.62 69.972 0.086545455 
1.7 1.23 53.85 72.324 0.089454545 
1.75 1.26 57.06 74.088 0.091636364 
1.8 1.29 60.36 75.852 0.093818182 
1.85 1.32 63.75 77.616 0.096 
1.9 1.36 67.31 79.968 0.098909091 
1.95 1.39 71.1 81.732 0.101090909 
2 1.43 74.97 84.084 0.104 
2.05 1.46 78.94 85.848 0.106181818 
2.1 1.5 82.99 88.2 0.109090909 
2.15 1.27 76.78 74.676 0.092363636 
2.2 1.15 75.02 67.62 0.083636364 
2.25 1.06 74.34 62.328 0.077090909 
     
     
     
Appendix D.4.f. Boundary Shear Stress and Shields Number Chart for 
Section 05, Grant-Kohrs Ranch.
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Appendix D: Cross Section Data  
 
 
 
Appendix D.5.a. Location of cross section at Above Bridge, Grant-Kohrs 
Ranch. 
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Appendix D.5.b. Graph of cross section at Above Bridge, Grant-Kohrs Ranch.  
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Appendix D.5.c. Grain size distribution curve for Above Bridge, Grant-Kohrs Ranch. 
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Appendix D.5.c. Longitudinal profile for Above Bridge, Grant-Kohrs Ranch. 
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Appendix D: Cross Section Data 
 
STAGE #SEC AREA PERIM WIDTH R DHYD SLOPE n V Q Shear 
(m)  (sq m) (m) (m) (m) (m/m)   (m/s) (cms) (N/m²) 
0.58 T 3.8 12.27 12.2 0.31 0.31 0.0054 0.044 0.76 2.9 16.29 
0.68 T 5.03 12.6 12.42 0.4 0.41 0.0054 0.042 0.95 4.77 21.02 
0.78 T 6.28 12.91 12.62 0.49 0.5 0.0054 0.041 1.12 7.01 25.63 
0.88 T 7.55 13.22 12.82 0.57 0.59 0.0054 0.04 1.27 9.61 30.09 
0.98 T 8.85 13.53 13.02 0.65 0.68 0.0054 0.039 1.42 12.54 34.43 
1.08 T 10.16 13.84 13.22 0.73 0.77 0.0054 0.038 1.55 15.79 38.64 
1.18 T 11.49 14.16 13.43 0.81 0.86 0.0054 0.038 1.68 19.34 42.73 
1.28 T 12.84 14.48 13.64 0.89 0.94 0.0054 0.038 1.81 23.2 46.71 
1.38 T 14.22 14.83 13.87 0.96 1.03 0.0054 0.037 1.92 27.3 50.5 
1.48 T 15.68 16.4 15.35 0.96 1.02 0.0054 0.037 1.93 30.23 50.35 
1.58 T 17.29 17.97 16.83 0.96 1.03 0.0054 0.037 1.95 33.68 50.67 
1.68 T 19.2 24.84 23.62 0.77 0.81 0.0054 0.037 1.68 32.28 40.7 
1.7 T 19.67 25.2 23.95 0.78 0.82 0.0054 0.037 1.69 33.34 41.11 
 
Appendix D.5.c. Grain size distribution curve for Above Bridge, Grant-Kohrs Ranch. 
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Appendix D: Cross Section Data 
 
Stage (m) Hyd. Rad.  
(m) 
Q cor. to R 
(cms) 
T=pgRS T* (Shield's 
Number) 
0.05 0.02 0 2.446878695 0.004728816 
0.1 0.05 0.01 6.117196736 0.011822041 
0.15 0.07 0.04 8.564075431 0.016550857 
0.2 0.1 0.11 12.23439347 0.023644081 
0.25 0.12 0.21 14.68127217 0.028372898 
0.3 0.15 0.36 18.35159021 0.035466122 
0.35 0.16 0.56 19.57502956 0.03783053 
0.4 0.18 0.83 22.02190825 0.042559346 
0.45 0.22 1.28 26.91566564 0.052016979 
0.5 0.25 1.83 30.58598368 0.059110203 
0.55 0.29 2.47 35.47974107 0.068567836 
0.6 0.33 3.25 40.37349846 0.078025469 
0.65 0.37 4.18 45.26725585 0.087483101 
0.7 0.42 5.2 51.38445259 0.099305142 
0.75 0.46 6.32 56.27820998 0.108762774 
0.8 0.5 7.52 61.17196736 0.118220407 
0.85 0.55 8.82 67.2891641 0.130042448 
0.9 0.59 10.2 72.18292149 0.13950008 
0.95 0.63 11.66 77.07667888 0.148957713 
1 0.67 13.2 81.97043627 0.158415345 
1.05 0.71 14.82 86.86419366 0.167872978 
1.1 0.75 16.52 91.75795105 0.17733061 
1.15 0.79 18.3 96.65170844 0.186788243 
1.2 0.83 20.15 101.5454658 0.196245876 
1.25 0.86 22.07 105.2157839 0.2033391 
1.3 0.9 24.07 110.1095413 0.212796732 
1.35 0.94 26.14 115.0032986 0.222254365 
1.4 0.96 27.92 117.4501773 0.226983181 
1.45 0.96 29.38 117.4501773 0.226983181 
1.5 0.96 30.96 117.4501773 0.226983181 
1.55 0.96 32.68 117.4501773 0.226983181 
1.6 0.96 34.52 117.4501773 0.226983181 
1.65 0.86 33.53 105.2157839 0.2033391 
1.7 0.78 33.44 95.42826909 0.184423835 
1.75 0.8 36.23 97.87514778 0.189152651 
 
Appendix D.5.c. Grain size distribution curve for Above Bridge, Grant-Kohrs 
Ranch. 
143 
 
Appendix D: Cross Section Data 
 
 
 
 
Appendix D.6.a. Location of cross section at Stuart Field 2, Grant-Kohrs 
Ranch. 
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Appendix D.6.b. Graph of cross section at Stuart Field 2, Grant-Kohrs Ranch. 
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Appendix D.6.c. Grain size distribution curve for Stuart Field 2, Grant-Kohrs Ranch. 
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Appendix D.6.d. Longitudinal Profile for Stuart Field 2, Grant-Kohrs Ranch. 
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Appendix D: Cross Section Data 
 
STAGE #SEC AREA PERIM WIDTH R DHYD SLOPE n VAVG Q SHEAR 
(m)  (sq m)     (m) (m) (m) (m/m)   (m/s) (cms)) (N/m²) 
0.51 T 5.77 17.04 16.98 0.34 0.34 0.0063 0.038 1.01 5.83 21 
0.61 T 7.52 17.87 17.77 0.42 0.42 0.0063 0.037 1.21 9.08 26.1 
0.71 T 9.32 18.38 18.24 0.51 0.51 0.0063 0.036 1.4 13.07 31.46 
0.81 T 11.16 18.89 18.7 0.59 0.6 0.0063 0.035 1.58 17.68 36.68 
0.91 T 13.05 19.35 19.1 0.67 0.68 0.0063 0.035 1.75 22.91 41.85 
1.01 T 15.01 20.31 19.98 0.74 0.75 0.0063 0.035 1.89 28.32 45.85 
1.11 T 17.05 21.27 20.86 0.8 0.82 0.0063 0.034 2.01 34.3 49.75 
1.21 T 19.2 22.8 22.31 0.84 0.86 0.0063 0.034 2.1 40.24 52.26 
1.3 T 21.27 24.43 23.88 0.87 0.89 0.0063 0.034 2.16 45.89 54.04 
 
 
Appendix D.6.e. WinXSPro Output for Stuart Field 2, Grant-Kohrs Ranch. 
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Appendix D: Cross Section Data 
 
STAGE 
(m) 
R  
(m) 
Q 
(cms) 
T=pgRS T* (Shield's 
Number) 
0.05 0.02 0.01 1.2348 0.001090909 
0.1 0.06 0.06 3.7044 0.003272727 
0.15 0.09 0.25 5.5566 0.004909091 
0.2 0.13 0.54 8.0262 0.007090909 
0.25 0.16 0.96 9.8784 0.008727273 
0.3 0.19 1.52 11.7306 0.010363636 
0.35 0.22 2.29 13.5828 0.012 
0.4 0.26 3.22 16.0524 0.014181818 
0.45 0.3 4.31 18.522 0.016363636 
0.5 0.33 5.55 20.3742 0.018 
0.55 0.37 6.99 22.8438 0.020181818 
0.6 0.41 8.7 25.3134 0.022363636 
0.65 0.46 10.58 28.4004 0.025090909 
0.7 0.5 12.61 30.87 0.027272727 
0.75 0.54 14.8 33.3396 0.029454545 
0.8 0.58 17.15 35.8092 0.031636364 
0.85 0.62 19.65 38.2788 0.033818182 
0.9 0.67 22.32 41.3658 0.036545455 
0.95 0.7 24.94 43.218 0.038181818 
1 0.73 27.68 45.0702 0.039818182 
1.05 0.76 30.57 46.9224 0.041454545 
1.1 0.8 33.6 49.392 0.043636364 
1.15 0.82 36.71 50.6268 0.044727273 
1.2 0.84 39.55 51.8616 0.045818182 
1.25 0.85 42.58 52.479 0.046363636 
1.3 0.87 45.79 53.7138 0.047454545 
1.35 0.89 49.19 54.9486 0.048545455 
1.4 0.87 51.3 53.7138 0.047454545 
1.45 0.85 53.78 52.479 0.046363636 
1.5 0.85 56.92 52.479 0.046363636 
 
 
 
Appendix D.6.f. Boundary Shear Stress and Shields Number Chart for Stuart 
Field 2, Grant-Kohrs Ranch. 
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